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INTRODUCTION  AND  SUMMARY 


Fiber  Optic  Based  Signal  Processing  (Contract  No.  F  30602-87- 
C-0015)  is  a  study  program  with  the  objective  of  determining 
the  theoretical  performance  and  design  latitude  available  from 
optical  fiber  based  signal  processors  in  accomplishing 
filtering,  coded  sequence  generation,  and  matrix 
multiplication  functions.  To  verify  the  design  objectives, 
three  separate  processors  will  be  constructed  using 
commercially  available  components  and  necessary  key  components 
to  be  developed  under  this  program. 

The  technical  effort  is  divided  into  five  major  tasks.  Task 
1  (Statement-of-Work,  SOW  4.1.1)  is  to  conduct  a  study  of  the 
theoretical  performance  available  from  optical  fiber  based 
signal  processors  in  accomplishing  filtering,  coded  sequence 
generation,  and  matrix  multiplication  functions.  Task  2  is 
to  delineate  the  realizable  performance  of  processing 
functions  using  available  optical  componentry  and  to  determine 
the  implementation  latitude  of  each  of  the  signal  processing 
functions,  given  presently  available  optical  componentry. 
Task  3  (SOW  4.1.3)  is  to  identify  key  componentry  improvements 
that  have  potential  for  significant  impact  on  fiber  based 
signal  processor  performance.  The  key  componentry  identified 
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in  Task  3  will  be  breadboarded  to  verify  the  feasibility  in 
Task  4  (SOW  4. 1.3.1).  Task  5  (SOW  4.1.4,  4.1.5,  and  4.1.6) 
is  to  design  and  investigate  through  breadboarding  three 
separate  models  of  fiber  optic  based  signal  processors  to 
accomplish  individually  the  functions  of  filtering,  coded 
sequence  generation,  and  matrix  multiplications.  The  test 
results  will  be  compared  with  the  designed  specifications. 


1.1  INTRODUCTION  AND  BACKGROUND 

Electric  signal  processing  techniques  are  effective  below 
frequencies  of  1  to  2  GHz  but  are  of  limited  applicability  at 
higher  frequencies.  The  emergence  of  optical  fiber  technology 
has  resulted  in  the  evolution  of  a  number  of  fiber  based 
applications,  not  all  of  which  are  directly  related  to  optical 
communications  as  originally  perceived.  For  example,  single 
mode  fiber  is  an  excellent  frequency-independent  delay  medium 
(0.2  km//is)  ,  with  demonstrated  modulation  bandwidth  (>100 
GHz. km)  and  low  loss  (<0.2  dB/km) .  As  a  result,  it  can  form 
the  basis  for  signal  processing  elements  offering  an  order  of 
magnitude  increase  in  bandwidth  over  electric  devices.  Signal 
processing  devices  based  on  optical  fiber  are  schematically, 
structurally,  and  operationally  similar  to  their  electrical 
counterparts.  Their  design,  architectures,  and  analysis  are 
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also  essentially  equivalent.  The  principal  differences  in  a 
fiber  optic  based  architecture  are  the  intensity  summation 
inherent  in  its  basic  incoherent  delay  line  structure  and  its 
positivity. 

Using  basic  tapped  and  recirculating  delay  lines,  together 
with  more  complex  feed-forward  and  feed-backward  lattices,  a 
range  of  processing  operations  have  already  been  demonstrated. 
Tapped  delay  line  has  been  used  for  basic  transversal 
frequency  filtering  operations  at  frequencies  around  1  GHz  and 
for  time  domain  operations  (convolution,  correlation,  matched 
filter  and  coded  sequence  generation)  at  speeds  around  1 
Gbit/s.  Recirculating  delay  lines  are  capable  of  temporary 
data  storage  and  data  rate  transformations  and  have  been 
demonstrated  as  frequency  filters  around  1  GHz.  Fiber-lattice 
structures  have  performed  as  Toeplitz  matrix  multipliers  at 
100  MHz  and  as  broad-band  filters  at  frequencies  in  excess  of 
1  GHz. 

Extension  to  frequencies  of  10  GHz  and  above  are 
straightforward  in  principle.  Unfortunately,  all  systems 
demonstrated  to  date  have  operated  at  frequencies  much  lower 
than  expected.  In  practice,  higher  frequencies  require  the 
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use  of  shorter  fiber  lengths,  more  compact  designs,  and  faster 
opto-electronic  interfaces.  In  addition,  bending  loss  of  the 
fiber  places  a  lower  limit  on  the  loop  length  in  recirculated 
structures,  which  in  turn  places  a  limit  on  the  frequency  of 
operation.  The  quality  factor  and  sidelobe  level  performances 
in  Finite  Impulse  Response  systems  are  also  limited  by  the 
number  of  feasible  taps  and  stages.  Therefore,  to  operate  at 
higher  speeds  alternative  architectures  and  low  loss 
components  must  be  developed.  Additionally,  the  use  of 
switchable  components  may  expand  the  capabilities  of 
processors  by  using  functional  programmability.  More  general 
matrix  multiplication  may  also  be  implemented  by  the  use  of 
such  components. 

1.2  SUMMARY 

Detailed  discussion  on  the  accomplishment  of  program  Tasks  is 
reported  in  Section  2  through  Section  7.  There  are  a  number 
of  significant  contributions  achieved  under  this  program. 

This  program  provided,  for  the  first  time,  an  organized  and 
thorough  study  of  fiber  optic  based  signal  processors.  The 
theoretical  performance  and  design  latitude  available  for 
processing  functions  of  filtering,  coded  sequence  generation. 
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and  matrix  multiplication  were  investigated.  As  a  result  of 
the  study,  comprehensive  Component  and  System  Design  Plans 
were  generated.  Three  separate  processors  were  designed  to 
perform  the  following  functions: 

•  Band-pass  filtering  at  4.75  GHz  center  frequency  with 
simultaneous  high  quality  factor  and  low  sidelobe 
level . 

•  Adjustable  4  bit  coded  sequence  generation  at  2  Gbit/s 
pulse  rate. 

•  Matrix-vector  multiplication  with  a  general  2x2 
matrix  at  0.5  Gbit/s  rate. 

The  major  limiting  factor  in  extending  processor  performance 
is  the  upper  frequency  limit  imposed  by  bend  loss 
considerations  in  small  diameter  fiber  loops.  The  problem  can 
be  overcome  by  an  invention  conceived  during  the  performance 
of  this  program.  A  patent  entitled  "Cascaded  Recirculating 
Transmission  Line  Without  Bending  Loss  Limitation,"  Number 
4,934,777,  was  awarded. 

A  range  of  novel  optical  fiber  and  waveguide  directional 
coupler  components  has  been  developed  under  this  program. 
These  couplers  are  suitable  for  incorporation  in  a  variety  of 
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optical  tapped  delay  line  signal  processing  system 
configurations.  Components  developed  included  polished 
polarization-maintaining  couplers  fabricated  in  high- 
birefringence  fiber  and  high  speed  switched  LiNbOj  couplers. 
The  polished  polarization  maintaining  couplers  fabricated 
exhibit  polarization  extinction  comparable  with  or  superior 
to  that  available  from  state-of-the-art  corponents.  The  high 
speed  switch  LiNbOj  couplers  can  be  used  for  processor 
applications  requiring  high  speed  reconfiguration  of  coupling 
parameters.  The  component  breadboarding  phase  of  the  program 
has  confirmed  the  feasibility  of  manufacture  of  monolithic 
arrays  of  evanescent  wave  coupler  elements  with  uniform 
characteristics,  suitable  for  the  assembly  of  multi-stage 
processor  systems,  and  has  resulted  in  the  derivation  of  a 
novel  fabrication  topology  for  recursive  lattice  structures, 
permitting  assembly  of  superficially  asymmetric  structures 
from  two  identical  elements. 

The  breadboard  system  of  4  bit  coded  sequence  generator  at  1 
Gbit/s  pulse  rate  exhibits  performance  in  excellent  agreement 
with  design  requirement.  The  quasi-monolithic  construction 
approach  adopted  in  this  case  represents  a  new  departure  for 
multiple  coupler  assemblies,  permitting  manufacture  of 
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multiple  individual  coupler  elements  on  a  single  fiber  length 
at  separations  considerably  less  than  the  mechanical 
dimensions  of  an  individual  mechanical  assembly.  An  output 
pulse  repetition  rate  of  2  GHz  has  been  demonstrated  here, 
based  on  an  incremental  fiber  delay  length  of  103  mm.  This 
dimension  is  obviously  capable  of  significant  further 
reduction.  Given  current  technology,  it  appears  perfectly 
feasible  to  reduce  the  incremental  delay  by  a  factor  of  10  , 
to  the  order  of  10  mm,  giving  an  output  pulse  repetition  rate 
of  20  GHz. 

The  breadboarding  work  for  band-pass  filter  and  matrix-vector 
multiplier,  however,  suffered  from  a  number  of  setbacks. 
First,  the  4.75  GHz  transmitter  and  receiver  pair  required  for 
the  characterization  of  band-pass  filter  was  not  available  to 
PCO  from  the  government.  The  technical  process  was  further 
jeopardized  by  the  leave  of  a  key  technical  staff  member,  who 
was  the  only  qualified  person  at  PCO  to  complete  the 
experiment.  At  that  time,  PCO  had  already  incurred  costs  of 
engineering/technician  hours  more  than  the  contract  provided. 
As  a  result,  the  breadboarding  working  for  band-pass  filter 
and  matrix-vector  multiplier  was  suspended. 
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2.0 


THEORETICAL  PERFORMANCE  ASSESSMENT 


The  objective  of  this  task  is  to  conduct  a  study  to  determine 
the  theoretical  performance  relationships  which  characterize 
optical  fiber  based  signal  processors  in  accomplishing  the 
following  six  signal  processing  functions:  band-pass  filter, 
notch  or  comb  filter,  matched  filter,  coded  sequence 
generator,  matrix-vector  multiplier,  and  matrix-matrix 
multiplier.  Under  this  Task,  we  have  conducted  an  extensive 
literature  survey  covering  fiber  optical  processors  in  these 
six  categories.  More  than  250  published  papers  were 
identified  and  reviewed.  A  list  of  most  significant 
publications  related  to  this  pregram  is  listed  in  Appendix  A. 
Most  of  these  papers  dealing  with  these  and  related  subjects 
are  generally  component  oriented.  The  survey  has  resulted  in 
the  collation  of  significant  bibliography  on  the  subject,  with 


a  subject  breakdown  as  follows: 

General  Signal  Processing  Theory  56 
Band-Pass  Filter  22 
Notch  Filter  13 
Matched  Filter/Correlator  18 
Coded  Sequence  Generator  17 
Matrix  Operations  17 
Noise  10 
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Optical  Fiber  20 
Fiber  Modulator  14 
Fiber  Coupler/Tap  34 
Miscellaneous  Techniques  27 


Fiber  optical  processors  can  be  configured  to  be  "recursive" 
(or  "feed-backward")  or  "non-recursive"  (or  "feed-forward"). 
For  recursive  type  processors,  signals  tapped  from  the  main 
fiber  path  are  returned  to  the  earlier  stages  of  the  process. 
On  the  other  hand,  tapped  signals  for  non-recursive  processors 
can  only  propagate  in  the  forward  direction.  More  complicated 
structures  using  combination  of  recursive  and  non-recursive 
processor  have  also  been  demonstrated.  Processors  based  on 
fiber  optic  delay  line  structure  exhibit  either  finite  impulse 
response  (FIR)  or  infinite  impulse  response  (HR)  depending 
on  whether  a  single  input  impulse  generates  a  finite  or 
infinite  output  pulse  train.  Recursive  systems  are  inherently 
HR. 

A  number  of  fiber  optical  technological  approaches  to  the 
processor  design  have  been  identified.  Each  of  these 
technological  approaches  has  its  characteristic  advantages  and 
limitations,  which  must  be  considered  in  the  processor  system 
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design.  As  a  result  of  the  literature  survey,  a  matrix  of 
signal  processing  functions  and  available  fiber  optic 
technologies  is  generated  Table  2.1.  is  used  to  indicate 
that  the  specific  fiber  optical  technology  can  be  used  to 
realize  the  signal  processing  functions  listed.  "?"  is  used 
to  indicate  that  the  possibility  exists  to  use  the  fiber 
optical  technology  to  demonstrate  certain  signal  processing 
functions . 
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FIBER 

OPTICAL 

TECHNOLOGY 

BAND¬ 

PASS 

FILTER 

NOTCH/ 

COMB 

FILTER 

MATCHED 

FILTER 

CODE 

GEN. 

M-V 

MULT. 

Tapped  D.L. 

FIR 

* 

* 

* 

★ 

? 

Fiber  Bundle 

FIR 

* 

? 

* 

* 

7 

Phase  Mod.  Tap 

FIR 

* 

* 

7 

? 

7 

Recirc.  Delay  L 
HR 

? 

* 

Non  Rec.  ID  Latt 
FIR 

* 

? 

7 

7 

Rec.  ID  Latt 

* 

* 

■* 

'ic 

* 

HR 

Mixed  ID  Latt 

HR 

Non  Rec .  2D  Latt 
FIR 

Rec.  2D  Latt 

HR 

Mixed  2D  Latt 

HR 

Star  Coupler  *  ?  ?  ?  ? 

FIR 

Concat.  Bundle  *  ?  ?  ?  ? 

FIR 


TABLE  2.1. 
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SIGNAL  PROCESSING  FUNCTIONS 
AND  AVAILABLE  FIBER  OPTIC  TECHNOLOGIES 


Based  on  the  technology/function  matrix,  theoretical  models 
have  been  identified  and/or  derived.  The  six  signal 
processing  functions  identified  in  SOW  4.1.1  can  be 
categorized  into  three  groups:  frequency  domain  functions, 
time  domain  functions,  and  numerical  processors.  Band-pass 
filter  and  notch  or  comb  filter  are  in  the  frequency  domain. 
Coded  sequence  generator  and  matched  filter  are  in  the  time 
domain.  The  matrix-vector  multiplier  and  matrix-matrix 
multipliers  are  numerical  processors. 

2.1  FREQUENCY  DOMAIN  FUNCTIONS 

2.1.1  BAND-PASS  FILTER 

Band-pass  Filter  response  can  be  achieved  via  a  number  of 
alternative  architectures.  The  resultant  devices  can, 
however,  be  characterized  in  common  terms.  The  fundamental 
parameter  is  frequency  response,  i.e.,  the  complex  transfer 
function  relating  output  to  input  as  a  function  of  frequency. 
For  digital  systems,  where  signals  propagate  with  well-defined 
time  delays,  frequency  response  can  be  obtained  from  the 
Fourier  transform  of  the  impulse  response.  In  most  cases 
considered  during  this  study,  this  function  can  be  obtained 
in  analytical  form  with  functional  dependence  on  structural 
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parameters;  analytic  expressions  for  frequency  response  in 
terms  of  system  parameters  were  collated  in  the  Kay  1987 
monthly  report.  From  the  frequency  response,  other  parameters 
such  as  dynamic  range,  quality  factor,  power  efficiency,  and 
sidelobe  ratio  of  any  filter  can  generally  be  obtained. 

Filter  architectures  are  discussed  in  the  System  Design  Plan, 
which  was  submitted  and  approved  as  part  of  the  contract 
requirement,  CDRL-A004.  The  general  conclusions  are 
summarized  here. 

2. 1.1.1  TAPPED  TRANSVERSAL  FILTER 

Fig.  2.1  shows  the  basic  structure  of  a  tapped  transversal 
filter.  The  unweighted  tapped  transversal  filter,  with 
W^=W2=...W^,  exhibits  a  characteristic  Sin(Nx) /Sin(x)  response, 
with  a  quality  factor  equal  to  the  number  of  taps,  N,  a  first 
sidelobe  level  of  -13  dB  and  (N-2)  sidelobes  between  response 
maxima.  A  higher  quality  factor  can  only  be  obtained  by 
increasing  the  number  of  taps  while  sidelobe  ratio  is  enhanced 
by  suitable  tap  weighting. 
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2 . 1. 1. 2  NON-RECIRCULATING  FEED-FORWARD  LATTICE  FILTER 


Fig.  2.2  shows  the  schematics  of  the  N-th  order  non¬ 
recirculating  feed-forward  lattice  filter.  The  basic  lattice 
element  is  a  2  x  2  directional  coupler  with  coupling 
coefficient  a.  The  N-th  order  lattice  filer  infers  that  there 
is  a  total  of  N  number  of  2  x  2  lattice  element  in  the  filter 
design. 

The  center  frequency  of  this  lattice  filter  structure  equals 
the  reciprocal  of  the  characteristic  delay  time  T,  defined  by 
the  length  difference  between  inter-stage  fibers,  regardless 
of  absolute  line  length.  Bandwidth  depends  inversely  on  the 
order  of  the  lattice  and  the  coupling  coefficients.  Sidelobe 
level  depends  similarly  on  system  coupling  details. 

2 . 1 . 1 . 3  RECIRCULATING  FEED-BACKWARD  LATTICE  FILTER 
Fig.  2.3  shows  the  schematic  of  N-th  order  recirculating  feed- 
backward  lattice  filter.  The  center  frequency  of  this  lattice 
filter  structure  equals  the  reciprocal  of  the  characteristic 
loop  delay  time  T.  Since  this  is  defined  by  the  absolute  loop 
length,  rather  than  by  the  difference  of  two  lengths  as  in  the 
non-recursive  case,  it  is  difficult  to  implement  a  high  center 
frequency  filter.  The  minimum  practical  loop  delay  length  is 
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Order  Non-Recirculating  Feed-Forward  Lattice  Filter 


of  the  order  of  120  mm,  equivalent  to  a  limiting  frequency 
of  1.6  GHz.  With  suitable  coupling  coefficients,  the 
recirculating  lattice  can  exhibit  very  narrow  bandwidth.  With 
all  coupling  coefficients  equal,  the  stop-band  is  monotonic 
in  shape,  with  no  intervening  side-lobe  maxima.  Further 
calculations  indicate  a  maximal  stop-band  depth  for  coupling 
coefficients  of  the  order  of  0.9,  the  depths  around  -60  dB  can 
be  achieved  with  a  3rd  order  filter. 

2 . 1. 1 . 4  CASCADED  TRANSVERSAL  FILTER 

Fig.  2.4  shows  schematics  of  cascaded  transversal  filters 
fabricated  with  N  number  of  (A)  2x2  couplers,  (B)  3x3 
couplers,  (C)  j  x  j  (j  >  2)  couplers.  Tj  is  the  tap  period  of 
the  i^^  coupler  unit.  This  design  comprises  cascaded  multiple 
stages,  each  comprising  a  parallel  coupled  fiber  bundle  of 
progressively  increasing  delays.  A  typical  implementation 
comprises  n  bundles  each  containing  j -fibers,  coupled  using 
j  X  j  star  couplers. 

2 . 1. 1. 5  CASCADED  RECIRCULATING  FILTER 

Consideration  of  the  cascaded  transversal  filter  led  to 
evolution  of  a  novel  design,  the  Cascaded  Recirculating 
Filter,  as  shown  in  Fig.  2.5.  The  filter  design  comprises  an 
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1  2  3  n 


Figure  1  A  single  cascaded  Filter  fabricated  »ilh  n  2  »  2  couplers 
(a),  3*3  couplers  (b),  or  ^  *  2  0  >  2)  couplers  (c)  r,  is  the 
lap  period  of  the  iih  coupler  unit. 


Figure  2.4  Cascaded  Transversal  Filter.  A  single  cascaded 
filter  fabricated  with  n  2  x  2  couplers  (a)  ,  3  x 
3  couplers  (b)  ,  or  j  x  j  (j  >  2)  couplers  (c)  . 
T.  is  the  tap  period  of  the  ith  coupler  unit. 
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N-stage  recirculating  lattice  with  loop  delays  increasing  by 
a  common  incremental  period  t;  the  loop  delays  can  be 
expressed  as  T+n»t,  where  n=o,  N  is  the  lattice 

order,  and  T  is  the  basic  delay  time  equal  to  m*t,  where  m  is 
an  integer.  Since  the  center  frequency  is  determined  by  t, 
i.e.,  the  delay  difference  between  two  adjacent  stages,  rather 
than  a  loop  length,  it  can  be  configured  to  be  very  short, 
giving  a  potentially  very  high  fundamental  center  frequency, 
thus  overcoming  the  minimum  bending  radius  problem.  Analysis 
reveals  that  this  structure  is  capable  of  exhibiting  narrow 
pass-band  (high  quality  factor)  and  low  sidelobe  level 
simultaneously,  a  significant  advance  over  previous  designs. 

2. 1. 1.6  COMPARISON 

Table  2.2  summarizes  qualitatively  the  pertinent 
characteristics  of  the  classes  of  filter  considered  here. 
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Center 

Frcau'^ncv 

Weight 

Taos 

Sidelobe 

Level 

No.  of 
Couplers 

Q 

Power 
Eff . 

Tapped 

Transversal 

High 

Yes 

Low 

More 

Low 

Low 

Non- 

Recirculating 

High 

No 

Low 

More 

Low 

Low 

Recirculating 

Lattice 

Low 

No 

V.  Low 

Less 

V. 

High 

Low 

Cascaded 

Transversal 

High 

No 

Low 

More 

Norm 

Norm 

Cascaded 

Recirculating 

V.  High 

No 

Low 

Less 

V. 

High 

Low 

Table  2.2.  Band-Pass  Filter  Assessment 


2.1.2  NOTCH  FILTER 

Notch  filter  response  is  a  special  case  of  band-pass 
filtering,  with  tap  number  reduced  to  two.  Under  these 
circumstances,  the  response  comprises  alternating  maxima  and 
minima,  with  no  intervening  sidelobe  structure.  Experimental 
demonstration  has  been  made  in  tapped  transversal  filter  (Fig. 
2.1),  recirculating  delay-line  (Fig.  2.6),  and  non- 
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recirculating  lattice  filter  (Fig.  2.2)  and  recirculating 
lattice  filter  (Fig.  2.5). 


2. 1.2. 1  TAPPED  TRANSVERSAL  FILTER 

A  transversal  filter  with  just  two  taps  exhibits  theoretical 
notch  filter  performance,  as  readily  seen  by  consideration  of 
the  characteristic  equations. 

2. 1.2. 2  RECIRCULATING  FILTER 

The  single  loop  recirculating  delay  line  with  coupling 
coefficient  0.38  possesses  an  impulse  response  comprising 
principally  two  equal  height  pulses,  and  thus  exhibits 
notch/comb  characteristics. 

2.1.2. 3  NON-RECIRCULATING  LATTICE  FILTER 

The  two-coupler,  non-recirculating  lattice  filter  with  both 
coupling  coefficients  equal  to  0.5  exhibits  notch  behavior, 
demonstrable  using  the  theoretical  equations. 

2 . 1. 2 . 4  RECIRCULATING  LATTICE  FILTER 

The  two-coupler  recirculating  lattice  with  coupling 
coefficients  0.38  and  0.95  achieves  theoretically  infinite 
notch  depth  filtering. 
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TIME  DOMAIN  FUNCTIONS 


2.2.1  CODED  SEQUENCE  GENERATOR 

Application  of  fiber  optic  delay  lines  to  coded  sequence 
generation  is  simple  in  principle,  any  weighted  tapped 
configuration  being  generally  applicable.  The  concepts  are 
readily  derived  in  the  time  domain.  Fig.  2.7  illustrates  the 
structure  of  a  four  bit  code  sequencing  generator. 

2. 2. 1.1  SINGLE  TAPPED  DELAY  LINE 

If  a  single  pulse  is  input  into  a  single  tapped  delay  line 
possessing  N  equi-spaced  taps,  as  shown  in  Fig.  2.1,  the 
summed  tap  output  comprises  N  pulses  separated  by  the 
characteristic  delay  time,  with  amplitudes  directly 
corresponding  to  the  tap  weight  profile. 

2.2. 1.2  NON-RECIRCULATING  LATTICE 

The  basic  non-recirculating  (non-recursive)  lattice  element 
is  shown  in  Fig.  2.8  (b)  .  If  a  single  pulse  is  input  into  one 
of  the  input  ports  of  a  2  x  2  directional  coupler,  time- 
correlated  output  pulses  appear  at  each  output  port.  A 
coupled  loop  system  containing  N  couplers  divides  a  single 
input  pulse  into  2(N-1)  pulses.  In  an  equal-delay  structure 
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Figure  2.7  The  Four-Bit  Code  Sequence  Generator  (1101) 


certain  temporal  coincidences  occur,  readily  determined  by 
inspection,  limiting  the  output  to  just  N  impulses,  the 


relative 

intensities 

of  which 

depend 

on 

the 

individual 

coupling 

coefficients 

in  a 

systemat 

ic. 

but 

generally 

nonlinear. 

fashion. 

In  the 

limit 

of 

weak 

coupling 

coefficients,  the  sequence  and  ratio  of  output  intensities  are 
approximately  equal  to  the  sequence  and  ratio  of  the  coupling 
coefficients. 

2.2. 1.3  RECIRCULATING  LATTICE 

Although  essentially  an  HR  (infinite  impulse  response) 
structure,  as  shown  in  Fig.  2.8  (a),  a  recirculating  lattice 
functions  as  a  coded  sequence  generator  in  the  limit  of  weak 
coupling.  The  recirculating  structure  implies  that  the  coded 
sequence  emerges  in  reverse  order  to  that  of  the  coupling 
coefficients. 

2.2.2  MATCHED  FILTER 

Techniques  for  matched  filtering  are  essentially  those  for 
coded  sequence  generation,  as  discussed  in  Section  2.2.1.  An 
example  of  such  architecture  is  shown  in  Fig.  2.7. 
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NUMERICAL  FUNCTIONS 


Numerical  functions  are  best  considered  in  the  time  domain. 
Basis  of  operation  is  the  systolic  propagation  of  equally 
spaced  pulses,  representing  one  component  of  the 
multiplication,  through  a  sequence  of  delay  lines  of  equal 
time  delay,  coupled  via  4-port  couplers  with  coupling 
strengths  representing  the  numerical  values  of  the  other 
component  of  the  multiplication.  The  output  appears  as  a 
further  pulse  train  containing  the  product,  generally  with 
other  discarded  pulses.  A  system  which  can  perform  coded 
sequence  generation  can  also  perform  matrix  multiplication. 
Thus,  tapped  transversal  filters,  recirculating  lattices  and 
non-recirculating  delay  lines  can  all  be  employed  to  implement 
matrix  processing  functions. 

Matrix-vector  and  matrix-matrix  multipliers  form  a  class  of 
related  operations,  the  principal  difference  being  system 
complexity.  The  matrix-vector  multiplier  was  chosen  as  one 
of  the  three  processors  to  be  developed  under  this  program 
because  of  its  relative  simplicity.  However,  the  processor 
can  be  expanded  to  demonstrate  matrix-matrix  multiplier 
functions . 
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2.3.1  MATRIX-VECTOR  MULTIPLIER 


The  basic  architecture  for  performing  rank  n  matrix-vector 
multiplication  is  an  n-stage  coupled  fiber  lattice  comprising 
(n+1)  4-port  couplers.  One  example  of  the  matrix-vector 
multiplier  is  shown  in  Fig.  2.9.  In  time  domain 
representation,  n  input  pulses  represent  the  n  components  of 
the  vector  while  the  system  coupling  parameters  represent  the 
matrix  elements.  The  output  pulse  train  represents  the 
product  vector.  As  described,  such  a  system  is  restricted  to 
operation  with  Toeplitz  matrices,  i.e.,  all  elements  on  a 
diagonal  are  equal;  this  has  been  a  limiting  feature  of  all 
previous  experimental  demonstrations  of  this  function. 
Extension  to  general  matrix  operation  necessitates 
introduction  of  switchable  coupling  elements,  discussed 
further  below. 

2. 3. 1.1  RECIRCULATING  LATTICE 

Earlier  demonstrations  of  matrix-vector  multiplication  in  open 
literatures  utilized  a  recirculating  lattice  structure,  as 
shown  in  Fig.  2.8  (a).  This  suffers  from  certain  limitations, 
notably  the  existence  of  second-pass  pulses,  necessitating 
introduction  of  "dead-time"  between  individual  calculations. 
As  a  result,  reported  implementations  were  limited  to  Toeplitz 
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implementation . 


2 . 3 ■ 1 . 2  NON-RECIRCULATING  LATTICE 

Matrix-vector  multiplication  can  likewise  be  implemented  in 
a  non-recirculating  lattice  structure,  as  shown  in  Fig.  2.9, 
with  the  added  advantage  of  freedom  from  dead  time 

recjuirements .  As  in  the  previous  case,  implementation  is 
restricted  to  Toeplitz  matrices,  unless  switchable  coupling 
coefficients  are  incorporated. 

2 . 3 . 1 . 3  RECOMMENDED  STRUCTURE 

Preferred  structure  for  implementation  of  a  matrix-vector 
multiplier  of  rank  n  is  the  (2n-l) -stage  non-recirculating 
lattice.  Fig.  2.9  shows  an  example  of  matrix-vector 

multiplier  of  rank  2.  This  arrangement  provides  output  on  a 
single  fiber  and  is  intrinsically  free  from  spurious  second- 
pass  effects.  In  order  to  extend  the  principle  to  operation 
with  general  matrices,  it  is  proposed  to  implement  a  structure 
incorporating  a  switched  directional  coupler. 

2.3.2  MATRIX-MATRIX  MULTIPLICATION 

Extension  of  matrix-vector  techniques  to  the  more  general 
matrix-matrix  multiplication  is  simple  in  concept,  generally 
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necessitating  ir.ore  extensive  systems  and  component  arrays. 
A  generic  architecture  of  matrix-vector  multiplication  is 
shown  in  Fig.  2.10. 

2 . 3 . 2 . 1  RECIRCULATING  LATTICE 

A  relatively  simple  extension  of  the  recirculating  lattice  to 
matrix-matrix  multiplication  is  based  on  the  observation  that 
the  operation  can  be  resolved  into  separate  matrix-vector 
operations,  performed  sequentially,  as  one  would  expect  from 
the  basic  principle  of  matrix-matrix  multiplication. 

2 . 3 . 2 . 2  NON-RECIRCULATING  LATTICE 

Matrix  resolution  concepts,  similar  to  those  outlined  in  the 
previous  section,  can  be  applied  to  implement  matrix-matrix 
multiplication  in  the  non-recirculating  lattice. 

2  .  3 . 2 . 3  2-DIMENSIONAL  LATTICE 

The  2-D  fiber  lattice  is  configured  as  a  spatial 
representation  of  an  n  x  m  matrix,  with  coupling  coefficients 
corresponding  to  its  elements,  as  shown  in  Fig.  2.10.  Input 
is  parallel,  in  row-ordered  format,  giving  a  column-ordered 
parallel  output.  The  characteristic  delay  period  is  defined 
by  the  length  difference  of  two  fibers  between  two  adjacent 
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couplers,  with  potential  high-speed  operation. 


2 . 3 . 2 . 4  WDM  TECHNIQUES 

An  alternative  systolic  approach  utilizes  the  principal  cf 
superposition  to  perform  simultaneous  operations  at  different 
optical  wavelengths,  as  shown  in  Fig.  2.11.  In  2  x  2  case, 
two-element  vectors  are  input  at  two  w?<velengths 
simultaneously.  Since  the  matrix  operates  on  both  vectors 
identically,  no  wavelength  dependent  coupling  is  required. 
The  output  comprises  the  two  vector  terms,  presented  between 
discarded  cross-product  terms,  simultaneously  at  two 
wavelengths.  System  requirements  are  wavelength  MUX/DEMUX 
components,  dispersion  free  fiber  at  the  wavelengths  concerned 
and  wavelength  independent  couplers. 

2 . 4  SUMMARY  OF  THEORETICAL  PERFORMANCE  ASSESSMENT 

As  a  result  of  the  literature  survey  of  more  than  250  papers, 
fiber  optic  based  signal  processors  in  the  six  categories 
(band-pass,  notch  and  matched  filters,  coded  sequencing 
generator,  matrix-vector,  and  matrix-matrix  multiplier)  were 
reviewed.  Based  on  components  available,  the  system 
performance  was  characterizea  by  key  parameters,  including 
frequency  response,  center  frequency,  pass-band  width,  quality 
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Figure  2.11  WDM  Techniques  as  an  Alternative  Systolic 
Approach 
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factor,  dynamic  range,  power  budget,  noise  performance,  and 
programmability.  The  results  of  performance  assessment  are 
reported  in  Section  3  of  this  report. 

Optimum  band-pass  filter  performance  is  achieved  by  the  use 
of  an  infinite  irpulse  response  (HR)  structure,  with  multiple 
transit  effects  enhancing  the  effective  tap  number  of  the 
system.  Time  domain  and  numerical  processors  are  best 
implemented  in  rcn-recursive,  finite  impulse  response  (FIR) 
structures.  These  structures  have  minimum  spurious,  second 
transit  interference.  Coupler-based  lattices  are  generally 
preferable,  because  of  their  single  fiber  output. 
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REALIZABLE  PERFORMANCE  ASSESSMENT 


The  objective  of  Task  2  (SOW  4.1.2)  is  to  delineate  the 
realizable  performance  for  each  of  the  six  processing 
functions  based  on  the  theoretical  performance  relationship 
developed  under  Task  1  and  on  the  available  optical 
componentry.  For  most  of  the  applications  considered  in  this 
program,  the  following  parameters  appear  appropriate  to 
characterize  the  system  performance: 

Frequency  Response 
Center  Frequency 
Pass-Band  Width 
Quality  Factor 
Dynamic  Range 
Power  Budget 
Noise  Performance 
Programmability 

Sections  3.1  to  3.8  are  devoted  to  the  discussion  of  these 
parameters.  A  rigorous  mathematic  treatment  for  ideal  and 
exponentially  attenuated  transverse  filters  is  included  in 
Appendix  B. 
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FREQUENCY  RESPONSE 


Most  analytical  expressions  for  frequency  response  of  fiber 
optical  delay  line  elements  exist  in  open  literature.  Based 
on  Z-transform  theory  and  time-index  expressions  for  impulse 
response,  we  have  derived  schematic  models  for  most  of  the 
fiber  configurations  identified.  In  many  circumstances, 
direct  analytical  solutions  can  be  obtained.  In  situations 
where  this  is  not  the  case,  recourse  must  be  made  to  numerical 
techniques . 

For  an  ideal  tapped  delay  line  transversal  filter,  as  shown 
in  Fig.  2.1,  with  N  taps  of  equal  weight  and  with  equal 
temporal  separation  t,  the  well-known  frequency  expression  for 
the  frequency  response  is 

H(f)  =  sin  (Nn^ft)/sin  (w'ft) 
where  t  represents: 

(a)  the  physical  incremental  distance  between  taps  for  an 
ideal  tapped  delay  line  transversal  filter,  or 

(b)  the  length  increment  between  neighboring  fibers  for  a 
fiber  bundle  transversal  filter,  or  a  star  coupler 
transversal  filter  with  a  star  coupler  be  the  power 
division  element. 
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If  the  fiber  propagation  attenuation,  a,  is  included  in  the 
calculation,  the  frequency  response  becomes 
H(f)  =  (1  +  a**2N  -  cos  (2  .  tt  .  N .  f .  t)  ) 

/(I  +  a**2  -  cos(^.f.t)) 


For  a  single  feed-forward  loop  element  constructed  from  two 
directional  coupler,  as  a  dual  coupler,  non-recirculating 
delay  line,  as  shown  in  Fig.  2.2,  the  frequency  response  can 
be  shown  to  be 


H(f)  =  (Cl**2  +  C2**2  +  2.Cl.C2.cos(2.7r.f.dt))**0.5 
/(Cl  +  C2) 


where : 


Cl  =  (1  -  kl).(l  -  k2).al.a2 
C2  =  kl.k2.al.a2.a 

al,  a2,  and  a  are  the  attenuations  of  the  two  couplers  and  the 
excess  attenuation  of  the  fiber  loop,  respectively;  and  kl  and 
k2  are  the  two  coupling  coefficients. 


For  a  dual-coupler  recirculating  delay  line,  as  shown  in  Fig. 
2.3: 

H(f)  =  (1  -  C2)  /  (1  +  C2**2  -  2.C2.COs(2.»-.f.t))**0.5 
with  notation  as  above. 
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For  a  single-coupler  recirculating  f’'‘'ay  line,  as  shown  in 
Fig.  2.6: 

H(f)  =  (1  -  C5) . ( (C4-C3.C5) **2  +  C3**2 

+  2  .  C3  .  (C4-C3  .C5)  .cos  (2  .jr.f.t)  )**0.5 
/  ((C3  +  C4  -  C3.C5).(1  +C5**2 
-  2  .  C5  .  cos  (2  .  ir .  f.  t)  )  **0 . 5) 

where  C3  =  (1  -  k)  ,  C4  =  k**2.a,  and  C5  =  k.a;  where  k  is  the 
coupling  coefficient  and  a  is  the  loop  attenuation. 

3.2  CENTER  FREQUENCY 

The  equations  in  Section  3.1  are  formulated  in  terms  of  the 
temporal  delay  characterizing  either  the  inter-tap  separation 
in  linear  transversal  filters  or  the  differential  delay  in 
recursive  or  non-recursive  loop  structure.  The  center 
frequency  of  the  band-pass  filter  structure  is  normally 
defined  by  the  reciprocal  of  the  characteristic  delay  element, 
t.  Because  of  the  material  dispersion  of  glass  fiber,  the 
propagation  delay  is  a  function  of  the  operating  wavelength. 

For  most  optical  materials,  the  index  of  refraction  can  be 

expressed  by  a  semi-empirical  representation, 

(n**2  -  1)  =  Z(A(i)  .  A**2/(A**2  -  B(i)**2)) 
i 


3.4 


where  the  constants  A(i)  and  B(i)  represent  the  strength  and 
wavelength  of  the  principle  electronic  oscillators.  For 
synthetic  fused  silica,  a  third  order  approximation  gives: 


A(l) 

=  696.1663, 

B(l)  =  68.4043 

A(2) 

=  -407.9426, 

B(2)  =  116.2414 

A(3) 

=  897.4794, 

B(3)  =  9896.161 

where  wavelength  is  specified  in  nm. 

Based  on  the  assumption  of  U.V.  grade  fused  silica  for  fiber 
core  material,  the  following  results  are  obtained: 


WAVELENGTH  DEPENDENCE  OF  DELAY  CHARACTERISTICS 


X  (nm) 

n 

t  (ns/m) 

f(o)  (1 

632.8 

1.4570 

4.8601 

.20576 

786.0 

1.4536 

4 . 8489 

.20623 

830.0 

1.4528 

4.8461 

.20635 

904 . 0 

1.4517 

4 . 8424 

.20651 

1064.0 

1.4496 

4 . 8355 

.20681 

1300.0 

1.4469 

4 . 8264 

.20719 

1500.0 

1.4446 

4.8187 

.20752 

indicating  systematic  variations  of  the  order  of  0.86%  across 
the  wavelength  range  of  potential  interest. 


3 . 3  PASS-BAND  WIDTH 


Although  the  frequency  responses  of  the  majority  of  structures 
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under  consideration  are  capable  of  expression  analytically, 
similar  representation  of  fundamental  pass-band  width  is  not 
so  readily  achieved.  It  has  been  shown  that  for  the 
transversal  filter,  the  full  pass-band  width  to  the  -4  dB 
points  is  equal  to  the  reciprocal  of  the  delay  increment: 
df(4dB)  =  1/Nt 

In  many  cases,  however,  3  dB  bandwidth  is  a  more  conventional 
representation,  in  which  case  numerical  solution  for  the  roots 
of  the  equation: 

H(f )  =  0.5 

is  generally  required  in  order  to  provide  band-width 
characterization. 

For  the  ideal  equal-tap,  equal-delay  transversal  filter, 
solution  of: 

sin (N . X) /sin (x)  =  0.5 

where  x  =  Tr.f.t,  provides  numerical  representation  of  the 
pass-band  width  as  a  function  of  tap  number,  N.  Values  of  x 
and  corresponding  -3  dB  widths  (in  units  of  1/t)  for  systems 
of  up  to  10  taps  are  tabulated,  together  with  -4  dB  values 
derived  as  mentioned  above. 
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DEPENDENCE  OF  FILTER  BANDWIDTH  ON  TA?  NUMBER 
N  df(3dB)  (l/t)  df(4dB)  (1/t) 

2  0.248  0.500 

3  0.156  0.333 

4  0.116  0.250 

5  0.092  0.200 

6  0.076  0.167 

7  0.064  0.143 

8  0.056  0.125 

9  0.050  0.111 

10  0.045  0.100 

Empirically,  the  -3  dB  bandwidth  is  approximately  0.5  of  the  - 

4  dB  figure,  i.e.,  df(3dB)  =  1/(2N). 

Similar  analysis  enables  the  filter  bandwidth  in  the 
exponentially  attenuated  transversal  filter  and  the  various 
recirculating  and  non-recirculating  loop  structures  to  be 
characterized  as  a  function  of  power  coupling  factor  and  tap 
number.  A  rigorous  mathematic  treatment  of  filter 

characteristics  is  included  in  Appendix  B. 

3.4  QUALITY  FACTOR 

The  quality  factor  Q,  of  a  filtering  structure,  is  defined  as 
the  ratio  of  the  center  frequency  of  the  first  order  (m  =  1) 
principal  lobe,  f(l)  to  the  bandwidth,  df,  i.e., 

Q  =  f(l)/df. 

For  the  ideal  transversal  filter,  Q  =  2N. 
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DYNAMIC  RANGE 


The  characteristic  equations  for  frequency  response  indicate 
the  presence  of  notches  between  pass-bands  and  side-lobes;  in 
cases  such  as  the  ideal  transversal  filter,  these 
representatives  are  cast  in  terms  of  trigonometric  functions 
indicating  theoretically  infinite  notch  depth.  In  the 
majority  of  configurations,  however,  this  is  not  the  case,  and 
the  theoretical  expressions  indicate  a  limiting  notch  depth, 
generally  dependent  on  the  coupling  coefficients  and 
attenuations  present  in  the  system.  By  considering  the 
maximum  and  minimum  values  taken  by  these  expressions,  and 
defining  dynamic  range,  R,  as  the  ratio  of  maximum  to  minimum 
transmission,  the  following  analytical  relationships  can  be 
obtained: 

A.  Ideal  Tapped  Delay  Line  Transversal  Filter: 
Theoretically  infinitely  deep  notches. 

R  =  00 

B.  Attenuating  Transversal  Filter: 

R  =  (a**2N. (a**2N  +  2))/(a**2. (a**2  +  2)) 

where  a  =  -ln(l  -  k)  ,  k  is  the  tap  coupling  factor  and 

the  system  has  N  taps. 
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C.  Dual-Coupler  Non-Recirculating  Delay  Line  and  Non- 
Recirculatinvg  Lattice: 

R  =  ((Cl**2  +  C2**2  +  2C1.C2) 

/(Cl**2  +  C2**2  -  2C1.C2))**.5 
where : 

Cl  =  (1  -  kl).(l  -  k2).al.a2 
C2  =  kl . k2 . al . a2 . a 

al,  a2,  and  a  are  the  attenuations  of  the  two  couplers 
and  the  excess  attenuation  of  the  fiber  loop 
respectively,  and  kl  and  k2  are  the  two  coupling 
coefficients . 

D.  Dual-Coupler  Recirculating  Delay  Line  and 
Recirculating  Lattice  Section: 

R  =  ((C2**2  +  3)/(C2**2  -  1))**.5 
with  notation  as  above. 

E.  Single-Coupler  Recirculating  Delay  Line: 

R  =  (((1  -  C5)  .  (C4  -  C3.C5)**2  +  C3**2  +  2.C3.(C4- 

C3.C5) ) . 

(C3  +  C4  -  C3.C5)(1  +  C5**2  +  2.C5))**.5 
/  ( ( (1  -  C5) .  (C4-C3 .C5) **2  +  C3**2  -  2.C3.  (C4-C3.C5) )  . 

(C3  +  C4  -  C3.C5)(1  +  C5**2  -  2.C5))**.5 
where  C3  =  (1  -  k)  ,  C4  =  k**2.a,  and  C5  =  k.a;  k  is 
the  coupling  coefficient  and  a  is  the  loop 
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attenuation . 


3 . 6  POWER  BUDGET 

Optical  fiber  signal  processing  configurations  can  be 
conveniently  classified  as  those  in  which  optical  power  is 
conserved  and  those  which  intrinsically  discard  significant 
fractions  of  the  available  incident  power.  Note,  however, 
that  even  in  configurations  which  are  theoretically  power- 
conserving,  temporal  redistribution  of  the  energy  of  an  input 
single  pulse  into  output  pulse  train  and  vice  versa  may  result 
in  differences  between  input  and  output  pulse  amplitudes. 
Furthermore,  absorption  losses  in  fibers,  together  with 
absorption  and  scattering  losses  in  couplers,  may  serve  to 
introduce  additional  attenuation  factors  into  hypothetically 
loss-less  configurations. 

3.6.1  POWER  CONSERVING  CONFIGURATIONS 

The  class  of  power-conserving  fiber  processor  configurations 
comprises  essentially  the  set  of  two-port  configurations  and 
includes  fiber-bundle  and  star-coupler  transversal  filters, 
together  with  single-coupler  recirculating  loop  structures. 
These  exhibit  the  common  architectural  feature  of  the  absence 
of  free,  unused  output  ports;  all  optical  power  entering  the 
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single  input  port,  other  than  that  dissipated  ijy  intrinsic 
attenuation  or  scattering,  ultimately  emerges  from  a  single 
output  port. 

3.6.2  POWER  DISCARDING  CONFIGURATIONS 

The  power  discarding  configurations  are  characterized  by  the 
presence  of  unused  exit  ports,  the  optical  outputs  from  these 
unused  ports  are  discarded  and  not  recirculated  or  otherwise 
utilized  in  the  processing  function.  This  class  of 
architectures  includes  the  tapped  delay  line  transversal 
filter,  together  with  the  two-coupler  recirculating  and  non¬ 
recirculating  structures,  i.e.,  the  3-port  and  4-port 
configurations.  The  discarded  power  may,  in  some  cases,  be 
directly  complementary  to  the  signal  power  and,  therefore, 
potentially  utilizable,  but  this  is  not  generally  so,  and  each 
architecture  must  be  treated  individually  in  this  respect. 

Optical  power  efficiency,  i.e.,  the  ratio  of  output  to  input 
powers,  can  be  determined  in  terms  of  the  system  transfer 
function  H(z),  utilizing  the  fact  that  the  optical  power  is 
proportional  to  the  d.c.  frequency  component  in  the  baseband 
optical  intensity  signal,  i.e.,  z  =  1  in  the  transfer 
function.  The  following  expressions  for  power  transmission. 
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T,  in  two-coupler  recirculating  and  non-recirculating  lattice 
elements  have  been  identified. 

A.  Two  coupler  recirculating  element,  as  shown  in  Fig. 
2.7  (a); 

T(ll)  =  (kl  +  (1  -  2.kl)k2.al)/(l  -  kl.k2.al) 

T(12)  =  ((1  -  kl) (1  -  k2).a2)/(l  -  kl.k2.al) 
where  T(ll)  represents  the  situation  in  which  input 
and  output  are  associated  with  different  fibers  at  the 
same  directional  coupler  and  T(12)  describes  the 
converse  situation,  kl  and  k2  are  the  coupling 
coefficients  of  the  two  couplers  and  al  and  a2  are 
attenuation  of  the  loop  and  the  forward  fiber  line 
'  respectively. 

B.  Two-coupler  non-recirculating  element: 

T(ll)  =  (1  -  kl) (1  -  k2)a2  +  kl.k2.al 
T(12)  =  kl.a2.(l  -  k2)  +  k2.al.(l  -  kl) 
where  similar  notation  is  used. 

C.  Tapped  delay  line  (N  taps)  : 

T  =  h(0)  +  h(l)  +  h(2)  +  ...  +  h(N-l) 

3.7  NOISE  PERFORMANCE 

Noise  in  fiber  structures  has  been  investigated  both 
theoretically  and  experimentally.  Essentially,  the  power 
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spectrum  of  the  autocovariance  spectrum  has  the  form: 

C(tl,t2)  =  SIGMA(  G(M)  .d(t2-tl-Mt) ) 
where  d  is  the  Dirac  delta  function  and  the  impulse 
intensities,  G(M)  are  relatively  complex  mathematical 
expressions.  To  the  extent  that  it  is  currently  developed, 
the  theory  predicts  the  following,  all  observed 

experimentally: 

(A)  The  periodic  form  of  the  spectrum,  with  a 

characteristic  notch  at  d.c 

(B)  The  shape  of  the  basic  period  as  a  function  of 

coupling  coefficient. 

(C)  The  dependence  of  the  spectrum  on  state  of 

polarization. 

(D)  Insensitivity  to  environmental  conditions. 

3.8  PROGRAMMABILITY 

Principal  processor  parameters  for  programmability  are  tap 
separation,  tap  strength,  and  tap  number. 

3.8.1  TAP  SEPARATION 

The  influence  of  tap  separation  on  processor  characteristics 
reflects  the  direct  proportionality  linking  spatial  separation 
and  temporal  delay  between  adjacent  sampling  points.  Thus, 
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tap  separation  defines  analog  filter  center  frequencies, 
matched  filter  and  code  generator  pulse  separations,  and  pulse 
rates  in  matrix  multiplier  configurations. 

The  extent  to  which  programmable  tap  separation  is  feasible 
obviously  depends  on  the  tap  technology  under  consideration. 
It  is  important  to  note  that  truly  continuously  variable 
programmable  tap  separation  schemes  are  virtually  non-existent 
at  present,  the  sole  identified  example  being  the  acousto¬ 
optic  diffraction  scheme;  positional  programmability  is 
achieved  by  physically  moving  an  acousto-optic  transducer 
along  the  fiber. 

The  alternative  approach  is  based  on  selection  of  a  limited 
number  of  taps  from  an  extended  array  fabricated  on  a  single 
fiber,  giving  a  variable,  but  quantized,  tap  separation  with 
inter-tap  increment  equal  to  the  tap  separation  of  the 
fundamental  array.  This  approach  requires  the  availability 
of  at  least  a  binary  tap  strength  programming  capability. 

Applicable  techniques  include  fused  coupler,  macrobend,  and 
evanescent  coupler  taps. 
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3.8.2  TAP  STRENGTH 


Tap  strength  influences  filter  pass-band  response  shape,  pulse 
amplitudes  in  matched  fiber  and  code  generators  and  analog 
values  in  matrix  multipliers. 

Techniques  for  tap  strength  programming  can  be  divided  into 
those  in  which  the  actual  tap  coupling  factor  may  be 
controlled  and  those  in  which  the  power  extracted  by  a  fixed 
coupling  tap  is  subsequently  modulated  by  an  external 
modulation  agency. 

Applicable  technologies  for  internally  controllable  taps 
include  both  integral  and  non-integral  acousto-optic  taps, 
tunable  evanescent  wave  couplers,  and,  possibly,  Bragg 
reflector  taps  with  electro-optic  control  of  reflectivity. 

3.8.3  TAP  NUMBER 

Tap  number  defines  filter  pass-band  width,  matched  filter  and 
code  generator  pulse  train  length,  and  the  ultimate  size  of 
matrix  capable  of  handling  in  matrix  multiplier 
configurations.  Tap  number  considerations  are  probably  more 
effectively  resolved  by  considering  sparsely  utilized 
programmable  tap  arrays  with  specific  taps  set  to  zero. 
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Alternatively,  a  variable  number  of  effective  taps  may  be 
implemented  in  single-coupler  and  dual-coupler  recirculating 
delay-line  structures,  by  simply  varying  the  coupling 
coefficient,  although  tapped  power  uniformity  is  obviously 
compromised  by  this  process.  As  an  example,  consider  single 
and  dual  coupler  recirculating  delay  lines  with  variable 
coupling  coefficient  (assumed  equal  in  the  dual  coupler  case) 
and  assume  a  threshold  for  tap  viability  of  10%,  i.e., 
emergent  pulses  of  intensity  less  than  this  figure  are 
ignored.  Numerical  simulation  of  the  output  pulse  train 
intensities  indicates  the  number  of  effective  taps  strongly 
dependent  on  coupling  strength,  k,  as  follows: 


k  Single  Dual 

0.1  3  1 

0.2  4  1 

0.3  4  1 

0.4  4  2 

0.5  4  2 

0.6  4  3 

0.7  2  4 

0.8  1  6 

0.9  1  12 

0.95  -  23 


Similar  calculations  can  be  readily  performed  for  other 
threshold  levels  and  for  two  coupler  situations  with  unequal 
coupling  coefficients. 
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Note  that  notch  filter  configurations  are  effectively  defined 
by  just  two  taps,  and  number  programmability  considerations 
may  not  be  relevant  in  this  situation. 

3 . 9  SUMMARY  OF  REALIZABLE  PERFORMANCE  ASSESSMENT 

Using  the  models  and  performance  relationship  derived,  real 
component  parameters  were  considered  for  all  processing 
functions.  In  each  case,  the  major  limiting  factor  in 
extending  processor  performance  is  the  upper  frequency  limit 
imposed  by  bend  loss  considerations  in  small  diameter  fiber 
loops,  and  the  issue  of  tap  programmability  is  the  key  to 
processor  reconfigurability. 

Using  typical  data  for  silica  fiber,  together  with  established 
relationships  for  fiber  bending  loss  as  a  function  of  bend 
radius,  figures  for  bend  loss  as  a  function  of  mandrel  radius 
have  been  generated.  Although  generally  quoted  in  terms  of 
loss  per  unit  length,  it  is  relevant  in  the  present  case  to 
consider  also  loss  per  turn,  since  this  may  define  ultimate 
utility.  Results  are  tabulated  for  fibers  of  core  radius  2, 
3,  and  5  microns,  at  bending  radii  from  1  meter  to  1  mm,  with 
approximate  equivalent  fundamental  pass-band  center 
frequencies  and  are  quoted  in  terms  of  dB/turn. 
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Bending  Equivalent 

2  micron 

3  micron 

5  micron 
Radius 

Radius 

Fundamental 

Radius  Fiber 

Radius  Fiber 

Fiber 

fMeter) 

Passband  (GHzl 

(dB/turn^ 

( dB/turn^ 

fdB/tum\ 

1.0 

.  032 

0 

0 

0 

0.5 

.  064 

0 

0 

0 

0.2 

.  16 

0 

0 

0 

0.1 

.  32 

0 

4.1  E-32 

7.1  E-18 

0.05 

.  64 

3.3  E-23 

2.5  E-14 

2.9  E-7 

0.02 

1.6 

2.9  E-7 

9.3  E-4 

5.4  E-1 

0.01 

3 . 2 

5.0  E-2 

2.6  E  0 

5.4  E  1 

0.005 

6.4 

1.7  E  1 

1 . 1  E  2 

4.5  E  2 

0.002 

16 

4.5  E  2 

8.5  E  2 

1.3  E  3 

0.001 

32 

1.1  E  3 

1.4  E  3 

1.5  E  3 

From  the  calculated  loss/turn  figures,  it  is  apparent  that 
mandrel  radii  of  less  than  10  -  20  irnn  are  unacceptable;  t:.is 
technology  is  probably  thus  United  to  frequencies  below  3  -- 
5  GHz. 


The  study  under  this  task  has  resulted  in  advances  overcoming 
these  limitations,  as  discussed  in  Section  6,  System 
Design/Plan  of  this  final  report.  One  such  advance  lead  to 
an  invention  followed  by  an  award  of  U.S.  patent  number 
4,934,777,  entitled  "Cascaded  Recirculating  Transmission  Line 
Without  Bending  Loss  Limitations."  A  copy  of  this  patent  is 
included  in  Appendix  C. 
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KEY  COMPONENT  CHARACTERIZATION 


Guided  by  requirements  resulting  from  the  processor 
architecture  assessment,  candidate  components  were  identified 
and  characterized;  preferred  technologies  were  specified. 
Classes  of  components  studies  comprised  of  the  following: 

•  Fibers 

•  Coupler/taps  (fixed  and  switchable) 

•  Polarization  control  components 

•  Wavelength  selective  components 

•  External  modulators 

•  Spatial  light  modulators 

As  stated  in  the  Contract,  optical  transmitters  and  receivers 
required  for  characterization  and  demonstration  of  processors 
may  be  available  from  RADC  during  the  couise  of  the  program. 
We  were  directed  to  focus  program  funds  on  processor 
development  rather  than  transmitter  and  receiver  development. 

The  results  of  this  Task  were  reported  in  various  monthly 
activity  reports  and  Components  Design  Plans  (CDRL-A002)  and 
are  summarized  here. 
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FIBERS 


A  number  of  characteristics  of  optical  fibers  determine  their 
suitability  for  application  on  delay  line  signal  processing, 
the  most  demanding  processor  function  on  fiber  optics 
properties.  These  characteristics  include  glass  composition, 
attenuation,  dispersion,  propagation  velocity,  linearity,  and 
polarization  control.  Detailed  discussion  of  these 
characteristics  and  a  summary  of  all  commercially  available 
fibers  is  included  in  Appendix  D. 


4.2  COUPLERS  AND  TAPS 

Existing  techniques  for  fiber  tap  implementation  can  be 
broadly  classified  as  radiated  light  taps,  guided  wave 
couplers  and  taps,  and  integrated  optic  waveguide  couplers, 
and  include: 

(A)  Radiated  Light  Taps: 

Macrobend  tap 
Fiber  grating  tap 
Acousto-optic  diffraction  tap 

(B)  Guided  Wave  Couplers  and  Taps: 

Fused  fiber  coupler 

Planar  waveguide  coupler 
Evanescent-Field  coupler 
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Reflective  tap 
Non-reciprocal  coupler 
(C)  Integrated  Optic  Waveguide  Couplers 
where  the  term  "coupler”  has  been  used  somewhat  arbitrarily 
to  describe  devices  in  which  the  extracted  optical  power  is 
confined  to  a  further  fiber  or  planar  waveguide.  Of  these, 
the  fused  coupler  and  reflective  tap  are  intrinsically  fixed 
in  position  and  tap  strength,  allowing  no  external  control  of 
coupling  parameters  once  fabricated.  The  evanescent-field 
coupler  and  macrobend  tap  are  mechanical  in  operation  and 
fixed  in  location.  The  external  control  of  coupling 
parameters  can  be  accomplished  at  rates  consistent  with 
mechanical  movement.  In  order  to  achieve  high-speed  tap 
reconfiguration  in  any  processor  system,  it  is  apparent  that 
devices  with  optical  or  electrical  control  are  ultimately 
required. 

To  implement  the  processors  designed  under  this  contract 
requires  both  static  and  switchable  4 -port  couplers  with 
precisely  defined  coupling  efficiency.  The  couplers  under 
consideration  must  be  reciprocal,  a  requirement  which 
effectively  excludes  radiated  light  taps,  non-reciprocal 
couplers  and  reflective  devices  from  further  consideration. 
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The  remaining  candidate  technologies  are: 

•  Fused  fiber  coupler 

•  Evanescent  wave  coupler 

•  Planar  waveguide  coupler 

Of  these,  only  the  planar  waveguide  coupler,  in  suitable 
active  material  system,  fulfills  the  switching  capability 

requirement  of  the  matrix-vector  multiplier  application. 

4.2.1  STATIC  COUPLER 

Fused  fiber  couplers,  while  in  principle  capable  of 

manufacture  to  specified  splitting  ratios  with  moderate 
precision  and  repeatability,  do  not  lend  themselves  to  post¬ 
fabrication  adjustment  and,  thus,  do  not  provide  the 
opportunity  for  system  reconfiguration  and  optimization 
implicit  in  the  use  of  tunable  devices.  Primarily  for  this 
reason,  the  polished  fiber  evanescent  wave  directional 
coupler,  with  its  capability  for  precise  tuning  of  coupling 
coefficient,  is  the  recommended  technology  for  implementation 
of  static  coupler  requirements. 

4.2.2  SWITCHED  COUPLER 

Two  technologies  for  implementation  of  the  switched  coupler 
function  are  available,  Ti: lithium  niobate  and  III-IV 
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semiconductor.  Of  these,  the  former  is  currently  preferred, 
on  grounds  of  superior  insertion  loss  and  fiber-interfacing 
characteristics . 

4 . 3  POLARIZATION  CONTROL  COMPONENTS 

The  use  of  periodic  coupling  principle  to  achieve  power 
transfer  between  two  waveguides  is  well  known  in  the  fields 
of  microwaves,  integrated  optics,  and  bulk  optics;  similar 
techniques  can  be  applied  in  optical  fibers  to  transfer  power 
between  similar  or  dissimilar  guided  modes.  Basic  device 
configurations  considered  here  are  birefringent  fiber 
polarization  coupler  and  two-mode  transverse  mode  coupler, 
both  of  which  can  be  configured  as  Mach-Zehnder  interferometer 
modulators. 

Additional  birefringence  can  be  imparted  to  a  birefringent 
fiber  by  application  of  external  pressure.  Specifically,  it 
can  be  shown  that  when  a  birefringent  fiber  is  squeezed  along 
an  axis  at  45  degrees  to  the  intrinsic  birefringent  axes,  the 
magnitude  of  the  total  birefringence  is  approximately  equal 
to  the  intrinsic  birefringence;  the  effect  can  be  regarded  as 
a  rotation  of  the  internal  birefringence,  approximately 
proportional  to  the  applied  pressure. 
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The  birefringent  fiber  polarization  converter  comprises  a 
single  length  of  intrinsically  birefringent  polarization 
maintaining  fiber.  Applied  to  the  fiber  is  a  series  of 
compression  regions,  each  of  length  equal  to  half  a 
characteristic  beat  length  for  the  fiber  in  question  and 
separated  by  a  half  beat  length.  Light,  initially  polarized 
along  one  fiber  axis,  encountering  a  region  of  pressure 
deformation,  is  partially  converted  to  the  orthogonal  mode. 
The  effect  of  a  periodic  sequence  of  pressure  regions  is 
ultimate  complete  power  coupling,  the  assumption  of  multiple 
coupling  regions  being  necessary  to  keep  the  force/unit  length 
sufficiently  small  so  the  small  angle  approximation  remains 
valid. 

The  two-mode  transverse  fiber  coupler  operates  in  a  similar 
mechanical  fashion;  in  this  case,  the  coupling  taking  place 
between  the  two  lowest-order  sets  of  transverse  modes  of  a 
fiber  used  at  a  wavelength  below  cut-off. 

The  two  devices  described  above  can  be  incorporated  into  in¬ 
line  Mach-Zehnder  interferometer  modulators.  Both  couplers 
are  symmetrical,  in  that  they  transfer  power  in  both 
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directions  between  the  inodes  being  coupled.  As  in  a  normal 
interferometer,  amplitude  modulation  is  achieved  by  following 
the  interferometer  with  a  mode  selective  filter  (polarizer  for 
the  birefringent  fiber  case  and  mode  filter  in  the  two-mode 
case) •  Extinctions  of  >30  dB  and  >40  dB  have  been  observed 
in  polarization  and  two-mode  conversion  modulators 
respectively. 

Two  experimental  demonstrations  have  been  made  of  this 
principle.  The  first  featured  coupler  excitation  via  a  piezo- 
electrically  driven  pressure  element,  capable  of  operation  at 
frequencies  in  excess  of  80  KHz.  An  alternative 
implementation  used  surface  acoustic  wave  excitation,  derived 
from  an  array  of  transducers  half  a  beat  length  wide  and 
spaced  by  a  similar  distance,  achieving  a  modulation  depth  of 
70%  at  a  frequency  of  4.35  MHz. 


4.4  WAVELENGTH  SELECTIVE  COMPONENTS 

The  recent  development  of  techniques  for  the  fabrication  of 
robust,  low-loss  distributed  Bragg  reflectors  on  exposed 
polished  fiber  cores  offers  an  alternative  technique  for 
achieving  optical  modulation  in  the  all-fiber  format. 
Essentially,  such  gratings  act  as  reflective  elements,  with 
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veil  defined  spectral  response.  In  particular,  the 
characteristic  reflection  spectrum  of  an  etched  structure  with 
a  pitch  optimized  for  an  optical  wavelength  of  1092  run 
comprises  a  single  peak,  with  a  maximum  reflectivity  of  98% 
and  a  near-theoretical  width  (FWHM)  of  less  the  0.8  nm.  Since 
the  peak  reflection  wavelength  is  defined  completely  by  the 
grating  pitch,  application  of  any  technique  to  tune  that  pitch 
results  in  a  spectral  shift  of  the  reflection  characteristic. 
Utilizing  a  piezo-electric  element  to  provide  longitudinal 
grating  extension,  tuning  of  the  reflection  peak  over  a 
spectral  range  substantially  in  excess  of  the  linewidth  has 
been  demonstrated  in  our  laboratories.  Similar  behavior, 
although  with  much  slower  response  time,  has  been  demonstrated 
by  thermal  tuning.  In  conjunction  with  a  source  of  suitably 
narrow  emission  linewidth,  this  approach  offers  an  efficient 
amplitude  modulation,  experimental  results  indicating  an 
extinction  of  20  dB  or  better. 

4.5  EXTERNAL  MODULATORS 

Within  this  component  category,  we  studied  external  modulators 
based  on  electro-optic,  acousto-optic,  and  piezo-electric 
effects.  Device  configuration  includes  both  free  space  design 
and  optical  waveguide  design. 
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SPATIAL  LIGHT  MODULATORS  fSLM^ 


A  full  survey  and  analysis  of  all  available  SLM  technologies 
is  beyond  the  scope  of  the  present  program.  However,  the 
alterable  tap  weighting  function  is  of  central  importance  to 
optical  fiber  processor  operation  and  future  development  of 
the  technology,  and  it  must  be  carefully  considered.  On  this 
basis,  we  have  identified  a  number  of  technology  options  which 
are  most  compatible  with  optical  fiber  processor 
architectures,  and  consideration  of  which  will  enable  the  most 
complete  determination  of  processor  capabilities  to  be  made. 

A  number  of  candidate  SLM  devices,  including  electro-optic 
modulator  arrays,  integrated  optic  devices,  liquid  crystal 
modulators,  magnetic-optic  modularors,  and  organic 
photochromic  devices  were  included  in  the  study.  When  an  SLM 
device  is  incorporated  in  a  fiber  optic  based  signal 
processor,  it  is  desirable  to  implement  tap  weighting  and 
summing  configurations  using  compatible  tap,  modulator,  and 
propagating  technologies.  The  taps  can  be  realized  in  either 
guided-wave  or  free-space  configurations.  In  the  case  of 
guided-wave  taps,  one  must  consider  the  technology 
ccmpetibi 1  ity ,  modal  compatibility,  and  spatial 
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dimensionality.  Free-space  taps  provide  additional  system 
design  flexibility  where  a  two  dimensional  SLM  device  can  be 
integrated  with  a  linear  fiber  array. 
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COMPONENT  BREADBOARDING 


From  requirements  indicated  by  system  studies,  Component 
Design  Plan  was  submitted  to  RADC  as  part  of  the  contract 
requirement  of  CDRL  A002.  The  document  addresses  the  design 
and  development  of  two  major  components  required  for  the 
development  of  advanced  optical  processors: 

(1)  Polished  evanescent  wave  directional  couplers, 

designed  to  coupling  strengths  not  generally  available 
in  this  or  alternative  technologies.  Four  different 
types  of  couplers  were  designed  and  developed:  0.1 

and  0.9  couplers  with  single  mode  fibers,  and  0.1  and 
0.025  couplers  with  polarization-maintaining  fibers. 

(2)  Switched  directional  coupler  in  lithium  niobate 
channel  waveguide,  with  0,1  coupling  efficiency. 

These  components  are  required  to  demonstrate  the  operation  of 
the  following  signal  processors: 

•  Band-pass  filtering  at  4.75  GHz  center  frequency  with 
simultaneous  high  quality  factor  and  low  sidelobe 
level . 

•  Adjustable  4  bit  coded  sequence  generation  at  2  Gbit/s 
pulse  rate. 

•  Matrix-vector  multiplication  with  a  general  2x2 
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matrix  at  0.5  Gbit/s  rate. 


5.1  COMPONENT  DESIGN  AND  SPECIFICATIONS 

As  we  discussed  in  Section  4,  both  static  and  switchable  4- 
port  couplers  with  precisely  defined  coupling  coefficient  are 
required  to  perform  the  signal  processing  functions.  Static 
couplers  will  be  fabricated  based  on  evanescent  coupling  of 
polished  single  mode  fibers  or  polarization-maintaining 
fibers.  The  switchable  coupler  will  be  fabricated  based  on 
Ti  :  diffused  LiNbO^  waveguide  technology. 

5.1.1  POLISHED  EVANESCENT  DIRECTIONAL  COUPLER 

The  4-port  couplers  are  fabricated  from  polished  half¬ 
couplers.  The  basic  design  approach  is  as  follows: 

(1)  Select  a  suitable  fiber  for  the  application  in  hand. 

(2)  Assume  zero  lateral  translation,  calculate  the 
dependence  of  coupling  on  core-to-core  separation. 

(3)  From  (2),  identify  the  core  separation  corresponding 
to  100%  coupling. 

(4)  From  (3),  select  a  core-to-core  separation  slightly 

(e.g.,  5-10%)  less  than  that  indicated  for  100% 

coupling,  ensuring  an  over-coupled  device. 

(5)  Calculate  the  corresponding  lateral  translation  tuning 
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characteristics,  and  check  for  design  conformity. 
These  procedures  were  adopted  to  produce  the  design 
specification  outlined  in  Section  5.1.3. 

5.1.2  LITHIUM  NIOBATE  SWITCHED  DIRECTIONAL  COUPLER 


5. 1.2.1  CHANNEL  WAVEGUIDE 
The  following  key  waveguide 
established : 

Titanium  thickness: 
Titanium  stripe  width: 
Diffusion  temperature: 
Diffusion  time: 


fabrication  parameters  have  been 

7  5  nm 
7 

1050“C 
10  hours 


5. 1.2.2  COUPLER  PARAMETERS 

Disposable  parameters  in  switched  directional  coupler  design 
include : 

•  Guide  separation  in  the  interaction  region 

•  Choice  of  zero-coupling  state 

•  Electrode  configuration 

•  Optical  mode  (TE  or  TM) 


Existing 


designs  are  targeted  toward  switch-based  100% 


the  0-10% 


coupling;  implementation  of  lower  coupling;  i.e., 
considered  here,  introduces  alternative  constraints.  The  need 
for  an  acceptable  dynamic  range  within  the  0-10%  range  irplies 
a  corresponding  requirement  for  good  extinction  in  the  nominal 
0%  coupling  state;  this  is  seen  as  the  key  design 
consideration  in  the  present  case.  To  maximize  intrinsic 
extinction,  use  of  the  "bar-state,"  i.e.,  optical  output  and 
input  on  a  common  physical  waveguide,  is  recommended. 

Operation  of  TE  or  TM  optical  mode  is  feasible,  use  of  TE 
bfing  preferred  for  a  number  of  reasons.  First,  increased 
dr ive  requirement  enhances  voltage  resolution,  giving  improved 
Control  over  coupling  ratio.  Secondly,  incorporation  of 
integrated  polarizers  resulting  in  enhanced  attenuation  of  TM 
modes  becomes  possible.  The  presence  of  TM  modes  degrades 
e<tinction.  A  further  design  subtlety  is  selection  of  coupler 
parameter  to  achieve  coincident  nulls  for  TE  and  TM  modes. 

T  re  basic  configuration  comprises  two  electrodes,  deposited 
i  1  register  with  the  two  arms  of  the  coupler;  this  provides 
the  added  bonus  of  providing  TM  attenuation  automatically. 
In  current  technology,  this  configuration  is  capable  of 
achieving  extinction  of  the  order  of  20  to  25  dB. 
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To  achieve  maximum  extinction  in  the  zero-coupled  state,  it 
is  necessary  not  only  to  specify  but  also  to  maintain  the 
optical  wavelength.  Extinction  in  the  ideal  modulator  can  be 
calculated  as  a  function  of  wavelength  deviation.  A  ±  5  nm 
deviation  in  wavelength  will  result  in  an  extinction  ratio  of 
30  dB  for  an  ideal  directional  coupler.  In  a  practical 
coupler,  these  figures  are  further  degraded  by  the  intrinsic 
extinction  level  of  the  device. 

5. 1.2. 3  ELECTRICAL  DESIGN 

For  a  directional  coupler  electrically  controllable  over  a 
coupling  range  of  0-10%,  the  voltage-length  product  for  TM  and 
TE  propagation  is  in  excess  of  4  V.mm  and  12  V.mm, 
respectively.  To  achieve  the  intrinsic  minimum  coupling 
associated  with  the  nominal  zero-coupling  state,  an  additional 
dc  bias  of  the  order  of  10  to  50  V  is  required.  Projected 
electrical  drive  requirements  for  a  coupler  appropriate  to  the 
present  application  are: 

•  10%  coupling  40  V 

•  0.1%  coupling  41  V 

5. 1 . 2 . 4  FIBER  INTERFACE 

Optimum  coupler  performance  implies  operation  in  TE  mode  with 
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control  of  input  polarization,  using  polarization-maintaining 
fiber  for  at  least  the  input;  this  demands  careful  design  of 
the  fiber-LiNbOj  interface.  Techniques  for  interfacing  high- 
birefringence  fiber  are  we 11 -developed;  present  technology 
permits  simultaneous  interfacing  of  8  fibers  with  0.4  dB  loss 
per  interface. 


5.1.3  COMPONENT  DESIGN  SPECIFICATIONS 


The  design  specifications  of  a  total  of  five  (5)  classes  of 
optical  couplers  are  summarized  here. 

A .  0.90  Coupler.  Single-Mode  Fiber 


Operating  wavelength: 
Fiber  type: 

Core  index: 

Cladding  index: 

Fiber  bend  radius: 
Core  separation: 

Fluid  R. I .  : 

Coupling  ratio: 

Excess  loss: 


1 . 3/im 

Corning  SM-06S-P 

1.4514 

1 .4469 

600  mm 

10 . 2pra 

1.450 

0.9 

0. 1  db 


B. 


0.10  Coupler.  Single- 

Mode  Fiber 

Operating  wavelength: 

1 . 3/im 

Fiber  type: 

Corning 

Core  index: 

1.4514 

Cladding  index: 

1.4469 

Fiber  bend  radius: 

600  mm 

Core  separation: 

1 3 . 3/im 

Fluid  R. I . : 

1.450 

Coupling  ratio: 

0.1 

Excess  loss: 

0. 1  dB 

SM-06S-P 
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c. 


0.10  Couoler,  Polarization-Maintainina  Fiber 

Operating  wavelength: 

1 . 3^im 

Fiber  type: 

York  HB1250 

Core  index: 

1.4514 

Cladding  index: 

1.4469 

Fiber  bend  radius: 

600  mm 

Core  separation: 

13 . 2Mm 

Fluid  R. I . : 

1.450 

Coupling  ratio: 

0.1 

Excess  loss: 

0.1  dB 

0.025  CouDler.  Polarization-Maintainina  Fiber 

Operating  wavelength: 

1 . 3/im 

Fiber  type: 

York  HB1250 

Core  index: 

1.4514 

Cladding  index: 

1.4469 

Fiber  bend  radius: 

600  mm 

Core  separation: 

14 . 8/im 

Fluid  R. I . : 

1.450 

Coupling  ratio: 

0.025 

Excess  loss; 

0.1  dB 

0.10  Switched  Couoler, 

Lithium  Niobate 

Operating  wavelength: 

1 . 3Mtn 

Material : 

Crystal  Technology,  X-cut, 
Y-propagating 

Bias  voltage: 

<  40  V 

Switching  voltage; 

<  5  V 

Coupling  ratio; 

0.1 

Extinction; 

>  =  25  dB 

Excess  loss: 

2. 1  dB 

Transition  time: 

2  ns 

Dynamic  range: 

15  dB 

5.2  COMPONENT  TEST  PLAN 


Component  Test  Plan  was  generated  to  describe  tests  and  test 
methods  for  the  five  classes  of  couplers  fabricated  under  the 
Component  Breadboard  Task.  The  test  plan  was  provided  to 
satisfy  the  CDRL-A0003  requirement. 
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COMPONENT  TEST  VERIFICATION 


Detailed  measurements  of  component  parameters,  both  during 
fabrication  and  on  completion,  verify  the  analytical  design 
approach,  confirming  that  high-precision  polished  coupler 
components  can  indeed  be  fabricated  to  demanding 
specifications,  both  as  single  elements  and  in  multi-element 
arrays.  Components  for  delivery  have  been  shown  to  conform 
to  projected  performance  targets,  as  outlined  in  Section 
5.1.3,  and  have  been  prepared  for  delivery  adjusted  to  the 
levels  of  optical  power  coupling  specified  for  the  various 
applications  described  in  the  System  Design  Plan. 

A  complete  copy  of  the  component  test  report  is  attached  in 
Appendix  E.  The  document  describes  the  results  of  tests  and 
test  procedures  used  to  characterize  the  4-port  optical 
coupler  signal-processing  components  fabricated. 
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PROCESSOR  DESIGN/PIAN 


Based  on  work  accomplished  in  Tasks  1,  2,  3,  and  4,  a  System 
Design  Plan  was  prepared.  This  design  provides  a  concise 
summary  of  previous  work  on  fiber  optic  based  signal 
processing  designs,  including  descriptions  and  critiques  of 
the  various  architectures  and  a  discussion  of  processor  design 
latitude  available  for  each  architecture.  Performance 
improvements  for  key  components  are  also  described.  Utilizing 
an  optimum  architecture  and  improved  components,  three 
processors  are  designed  that  will  perform  the  following 
functions : 

•  Band-pass  filtering  at  4.75  GHz  center  frequency  with 
simultaneous  high  quality  factor  and  low  sidelobe 
level . 

•  Adjustable  4  bit  coded  sequence  generation  at  2  Gbit/s 
pulse  rate. 

•  Matrix-vector  multiplication  with  a  general  2x2 
matrix  at  0.5  Gbit/s  rate. 

Theoretical  system  perfoirmance  predictions  are  outlined  for 
each  processor. 
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BAND-PASS  FILTER 


Table  2 . 2  on  page  2.15  summarizes  qualitatively  the  pertinent 
characteristics  of  the  classes  of  filters  considered  during 
the  system  design  phase.  The  evidence  indicates  that  the 
cascaded  recirculating  delay  line  should  be  selected  as  one 
of  the  three  processors  to  be  breadboarded ,  not  only  because 
of  its  potentially  higher  center  frequency,  a  characteristic 
arising  from  its  intrinsic  loop  length  difference  dependence, 
but  also  because  of  its  enhanced  sidelobe  rejection  and  high 
quality  factor  attainable  by  employing  only  a  few  couplers. 

6.1.1  ARCHITECTURE 

The  very  low  excess  coupler  loss  and  the  integrated  technique 
proved  in  Task  4,  Component  Breadboarding,  show  that  the 
cascaded  recirculating  delay  line  architecture  can  be  used  for 
band-pass  filtering.  With  only  a  few  couplers,  it  can  provide 
a  low  sidelobe  level,  a  high  quality  factor,  and  a  high  center 
frequency  while  avoiding  fiber  bending  loss,  making  it  the 
architecture  of  choice  for  the  band-pass  filter.  An  order  3 
delay  line  with  single  mode  fiber  and  adjustable  couplers  was 
designed.  The  configuration  is  show  in  Fig.  6.1.  The 
parameters  of  the  single  mode  fiber  are. 
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Fiber  type:  Corning  SM-06S-P 

Core  index  n  =  1.4514  at  wavelength  =  1,3/iin 

Cladding  index  =  1.4469 

The  proposed  4.75  GHz  center  frequency  requires  a  fundamental 
delay  time  of  t  =  1/4.75  =  0.21  ns.  To  avoid  bending  loss, 
the  loop  lengths  should  be  21.70  cm  for  the  first  loop,  26.04 
cm  for  the  second  loop,  30.38  cm  for  the  third  loop,  a  5  :  6 
:  7  time  fundamental  delay  length  (i.e.,  light  propagating 

path  length  in  fundamental  delay  time) .  In  order  to  avoid 
loss,  four  couplers  are  built  in  a  monolithic  silicon  with  a 
single  fiber  without  splice. 
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Therefore,  the  system  was  being  made  at  the  same  time  the 
coup''ers  were  fabricated.  The  practical  figure  is  shown  in 
Fig.  6.2. 

Since  the  coupling  coefficients  of  the  couplers  are 
adjustable,  they  will  be  pre-set  at  90%,  which  is  the  most 
probable  value  for  the  final  setting.  Higher  coefficients 
give  better  performance  but  decrease  the  power  efficiency. 
Therefore,  high  power  lasers  and  high  sensitivity  receivers 
are  required.  The  coefficients  can  be  adjusted  for  optimum 
performance  before  and  during  the  operation. 


6.1.2  PRFDICTED  PERFORMANCE 

The  performance  of  a  band-pass  filter  can  be  determined  from 
its  frequency  response.  As  discussed  above,  performance 
depends  strongly  on  the  coupling  coefficients  and  the 
capability  of  the  source/receiver  system.  Based  on  the 
source/receiver  system  available,  suitable  coefficients  may 
be  derived.  The  frequency  responses  are  calculated  and 
predicted  for  three  different  sets  of  coefficients: 

а, =a2=a,=  a4=0 .  "7 ;  0.8;  0.9  and  are  shown  in  Figs.  6.3,  6.4,  and 

б. 5  respectively. 
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Figure  6.3.  Normalized  frequency  response  of  the  cascade 
recirculating  delay  line  of  order  3. 

The  insertion  loss  per  coupler  -.0436480540245 
dB. 

The  coupling  coefficients  are  a,-=a2=a3=a4=0 . 7  . 
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Figure  6.4.  Nomial  ized.'  frequency  response  of  the  cascade 
recirculating  delay  line  of  order  3. 

The  insertion  loss  per  coupler  -.0436480540245 
dB. 

The  coupling  coefficients  are  a,=a2=a3=a4=0 . 8  . 
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Figure  6.5.  Normalized  frequency  response  of  the  cascade 
recirculating  delay  line  of  order  3, 

The  insertion  loss  per  coupler  -.0436480540245 
dB. 

The  coupling  coefficients  are  a,=a2=a3=a^=0 . 9 . 
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The  peak-to-sidelobe  ratios  and  quality  factors  in  each  case 
are  sununarized  in  Table  6.1. 


COUPLING 

COEFFICIESCY 

Q 

PEAK-TO-SIDELOBE 
RATIO  (dB) 

POWER  EFFICIENCY 
(%) 

All  .7 

69 

-12 

8.2 

All  .8 

1C2 

-18 

4.33 

All  .9 

1L6 

-28 

1.18 

TABLE  6.1. 

PREDICTED 

PERFORMTU^CES  IN 

TERMS  OF  COUPLING 

COEFFICIENTS. 

THE  CASCADED  RECIRCULATING  DELAY  LINE  OF 
ORDER  3. 

THE  INSERTION  LOSS  PER  COUPLER  IS  -0.44  dB. 


6.2  CODED  SEQUENCE  GENERATOR 

The  preferred  structure  for  a  coded  sequence  generator  is  the 
non-recirculating  lattice  delay  line.  In  this  configuration, 
optical  output  emerges  from  a  single  fiber,  with  no  second- 
pass  interference.  It  is  also  easy  to  extend  the  length  of 
the  sequence  by  adding  couplers.  In  comparison,  the 
recirculating  lattice  suffers  from  multiple-pass  interference 
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and  bending  loss,  while  the  tapped  delay  line  structures 
require  signal  summation  external  to  the  fiber  and,  perhaps, 
weighting  modulators. 


6.2.1  ARCHITECTURE 

As  recommended  in  the  design  studies,  the  non-recirculating 
lattice  delay  line  is  applicable  to  coded  sequence  generation. 
An  order  3  non-recirculating  lattice  delay  line  with  a  delay 
time  of  0.5  ns  was  designed.  Single  mode  fiber  and  four 
couplers  with  parameters  specified  in  the  previous  sections 
are  employed.  The  configuration  of  the  delay  line  is  shown 
in  Fig.  6.6.  The  length  difference  of  the  upper  and  lower 
fibers  linking  two  adjacent  couplers  in  this  figure  are  10.34 
cm.  Optical  signal  of  1.3Mni  wavelength  propagating  in  a  10.34 
cm  long  glass  fiber  (Corning  SM-06S-P)  of  refraction  index 
1.4514  gives  the  desired  delay  time  of  0.5  ns. 

6.2.2  PREDICTED  PERFORMANCES 

The  proposed  coded  sequence  generator  is  capable  of  generating 
4-bit  coded  sequences  with  a  speed  of  2  Gbit/s.  Four 
sequences,  1111,  1101,  1011,  1001,  can  be  performed  by 
adjusting  the  coupling  coefficients.  Secpjence  1111  is 
achieved  by  letting  all  coupling  coefficients  be  equal  to  some 
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non-zero  value  a;  sequence  1101  by  a2=0  and  aQ=a^=a3=a; 
sequence  1011  by  a,=0  and  ag=a2=a3=a;  and  sequence  1001  by 
letting  a,=a2=0  and  aQ=a3=a.  Their  uniformities  and 

extinctions  depend  on  the  constant  a  and  are  summarized  in 
Tables  6.2  and  6.3.  Sequences  1101  and  1011  have  the  same 
uniformity  and  extinction  when  using  the  same  a.  Sec[uence 
1001  will  give  exactly  uniform  coded  1  pulses  and  absolute 
extinction  in  coded  0.  In  addition,  coded  sequences  less  than 
4-bit  may  also  be  generated  by  selecting  suitable  coupling 
coefficients.  For  example,  3-bit  coded  sequence  may  be 
generated  with  3^=0. 
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Figure  6.6  Four-bit  coded  sequence  generator 


a 

uniformity  (dB) 

.05 

.  012 

.07 

.  024 

.  10 

.  053 

.20 

.248 

.30 

.  626 

TABLE  6.2.  UNIFORMITY  OF  SEQUENCE  1111 


a 

Extinction  (dB) 

.05 

-24.7 

.07 

-22.4 

.  10 

-19.0 

.20 

-12.0 

.  30 

-  7.0 

TABLE  6.3.  UNIFORMITY  AND  EXTINCTION  OF  SEQUENCES  1101  AND  1011 
Both  sequences  have  the  same  characteristics. 

Coded  1  pulses  are  exactly  uniform. 
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MATRIX-VECTOR  MULTIPLIER 


6.3.1  ARCHITECTURE 

A  2  X  2  general  matrix-vector  multiplier  utilizing  an  order 
2  non-recirculating  lattice  delay  line  is  selected,  requiring 
three  couplers.  Its  configuration  is  shown  in  Fig.  6.7.  An 
electrically  tunable  (switched)  coupler,  a^,  has  been 
fabricated  and  put  between  a.2  ^3*  Because  the  switched 
coupler  operates  with  polarized  light  only,  polarization 
maintaining  fiber  for  the  waveguide  and  delay  material  is 
needed.  In  addition,  the  other  couplers  are  also  fabricated 
using  polarization  maintaining  fibers.  Between  the  light 
source  and  the  processor,  an  extra  coupler  is  utilized  to 
couple  input  light  to  the  opto-electronic  subsystem  for 
switching  a^ .  The  opto-electronic  subsystem  is  an  electrical 
circuit  designed  to  drive  the  switched  coupler.  In  its  free 
state  it  supports  a  bias  voltage  to  the  switched  coupler  so 
that  the  coupling  coefficient  of  the  switched  coupler  is  a,=0 
(unswitched  state) .  When  the  first  pulse  coupled  from  coupler 
aj  reaches  the  opto-electronic  subsystem,  its  bias  voltage 
changes,  and  the  coupling  coefficient  becomes  a, =0.1  (switched 
state)  . 
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L2  L2 


:  polarization  ma i n tain ’ ng  fiber 

-  ;  electrical  wire 

Lj  -  20  cm 
Lj  “  61.36  ca 
Lj  -  50  cm 
-  50  cm 


Figure  6.7.  Matrix-vector  multiplier. 


output 
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In  order  to  implement  a  non-recirculating  lattice  delay  line 
with  a  delay  time  of  2  ns,  fiber  lengths  used  in  each  stage 
are  calculated  and  indicated  in  Fig.  6.7.  The  coupling 
coefficieits  of  the  couplers  are  set: 

ao=0.1 

a^=0  at  unswitched  state 

a,  =  0.1  at  switched  state 

a2=0 . 1 

and 

a3=0.025 

6.3.2  PREDICTED  PERFORMANCE 

Time  domain  application  of  this  processor  can  yield  matrix- 
vector  multiplication.  When  two  pulses  with  amplitudes  1:0.5 
(representing  a  vector  with  elements  1  and  .5)  are  fed  into 
the  processor  the  resultant  y,  and  y^  of  the  matrix-vector 
multiplication  is  obtained  from  rhe  output  pulses: 

/'  Y^\  1  0  /  2  ■  /  2 

\ 

_  '  ' 

i 

y,  1  1  ^  1  ^  3  /' 

The  ratio  of  the  two  pulses  that  depends  on  the  coupling 
coefficients  of  the  coupler  is  compared  with  the  ideal  value 
y2/yi  =  1.5  in  Table  6.4. 
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a 

0.06 

1.54 

0.10 

1.57 

0.14 

1.61 

0.18 

1.66 

0.22 

1.72 

0.26 

1.8 

TABLE  6.4. 

PREDICTED  PERFORKANCES  OF  THE  MATRIX- 

VECTOR  MULTIPLIER  DESIGNED  WITH  RESPECT 

TO  COUPLING  COEFFICIENCIES. 

In  ideal 

case  y2/y,=l-5 
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SYSTEM  BREADBOARD  EXPERIMENT 


The  program  proceeded  into  the  breadboard  stage  as  required 
in  SOW  4.1.5.  The  construction  and  characterization  of  coded 
sequence  generator  was  subcontracted  to  Plessey  Research 
Caswell  Limited,  and  the  work  required  for  the  other  two 
processors,  band-pass  filter  and  matrix-vector  multiplier,  was 
conducted  at  PCO.  The  breadboard  of  coded  sequence  generator 
was  completed  successfully.  However,  the  work  at  PCO  has 
suffered  from  a  number  of  setbacks  and  was  not  completed. 
First,  the  4.75  GHz  transmitter  and  receiver  pair  required  for 
the  breadboard  experiment  were  not  available  to  PCO  from  the 
government.  The  technical  progress  was  further  jeopardized 
by  the  departure  of  a  key  technical  staff  member,  who  was  the 
only  qualified  person  at  PCO  to  complete  the  experiment.  At 
that  time,  PCO  had  already  incurred  costs  of  more 
engineering/technician  hours  than  the  contract  provided. 

7.1  TEST  RESULTS  —  CODED  SEQUENCE  GENERATOR 
In  Appendix  F,  we  describe  the  design,  construction,  and 
testing  of  a  quasi-monolithic,  splice-free  4-stage  optical 
fiber  coded  sequence  generator.  The  breadboard  system  permits 
generation  of  reconf igurable  4-bit  pulse  sequences,  with  pulse 
repetition  rate  of  2  GHz,  i.e.,  500  ps  interval  within  the 
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pulses  in  the  output  train.  The  program  has  confirmed  the 
feasibility  of  the  manufacture  of  monolithic  arrays  of 
evanescent  wave  coupler  elements  in  a  single  length  of  fiber 
with  uniform  coupling  characteristics  and  repeatable  coupler 
separation,  suitable  for  the  assembly  of  splice-free  multi¬ 
stage  optical  signal  processing  systems. 

Detailed  measurement  of  coupler  parameters,  both  during 
fabrication  and  on  completion,  verifies  the  analytical  design 
approach,  confirming  that  high  precision  couplers  can  be 
fabricated  to  demanding  specifications  in  multi-element  arrays 
configv.  ad  on  a  single  fiber  length.  The  breadboard  system 
has  been  shown  to  conform  to  projected  perfoirmance  targets  and 
has  been  prepared  for  delivery  adjusted  to  the  specified  level 
of  optical  power  coupling  detailed  in  the  System  Design  Plan. 

The  quasi-monolithic  construction  approach  adopted  in  this 
case  represents  a  new  departure  for  multiple  coupler 
assemblies,  permitting  manufacture  of  multiple  individual 
coupler  elements  on  a  single  fiber  length  at  separations 
considerably  less  than  the  mechanical  dimensions  of  an 
individual  mechanical  assembly.  An  output  pulse  repetition 
rate  of  2  GHz  has  been  demonstrated  here,  based  on  an 
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incremental  fiber  delay  length  of  103  mm.  This  dimension  is 
obviously  capable  of  significant  further  reduction;  given 
current  technology,  it  appears  perfectly  feasible  to  reduce 
the  incremental  delay  by  a  factor  of  10  ,  to  order  10  mm, 
giving  an  output  pulse  repetition  rate  of  20  GHz. 

The  operating  instructions  and  user's  notes  for  the  coded 
sequence  generator  are  included  in  Appendix  G. 
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FILTER  CHARACTERISTIC  CALCULATIONS 


The  following  notes  collect  together  in  a  coherent  format  material  originally  presented  in 
the  Monthly  Repons  for  May,  June  and  July  1987. 

1  FREQUENCY  RESPONSE  -  ATTENUATING  FILTER 

The  standard  analytical  expression  for  the  frequency  response  of  the  idealised  equal- 
weight,  equal-delay  transversal  filter  can  be  derived  by  considering  the  output  response 
to  an  input  frequency  f.  as  being  represented  by  the  summation  of  the  appropriate  set  of 
delayed  versions  of  the  input.  In  the  case  of  the  ideal  transversal  filter,  the  standard 
representation  is: 

U  =  L-.'j .  Re  Sn=o"‘''^''  »xp(2.:i.j.f(t  +  kT))}  (1.1) 

where  N  is  the  r  amber  of  taps,  k  is  the  tap  coupling  coefficient  and  T  is  the  inier-ta^ 
delay  period. 

From  Bom  &.  Wolf  (Principles  of  Optics),  the  key  mathematical  s'.ep  is  the  use  of  the 
identity; 


^  n=N-l 
2^n=0 


exp(-jnx)  =  { l-exp(-jNx)}/{  l-e.\p(-jx)) 


=  {2  -  2.cos(Nx)}/{  1  -  2.cos(x)} 

=  {sin(N.x/2)]/{sin(x/2))  (1.2) 


which  with  the  substitution: 

X  =  2.;t.f.t 

reduces  to  the  standard  form  for  the  AMPLITUDE  response  : 

H(f)  =  sin(N.7t.f.dt)/sin(7:.f.di).  (1.3) 

This  derivation  can  be  extended  to  incorporate  the  effects  of  power  extraction  along  the 
lengtli  of  the  fibre,  the  situation  that  obtains  in  the  tapped  optical  fibre  transversal  filter. 
Defining  an  attenuation  constant,  a,  in  terms  of  the  tap  coupling  factor,  k,  (assumed 
constant)  as; 


exp(-a)  =  (l -k)  (1.4) 

the  output  amplitude  series  becomes: 

loui  =  Wj  •  Re  Xn=o  a'iexp(2.7t.j.f(t  -t-  kT))}  (1.5) 

giving  by  analogy: 

Zn=N-l  n=:N-l 

n=0  a"  exp(-jnx)  =  2.n=o  {a  exp(-jx)}'’ 

=  { 1  -  a’’  exp(-jNx))/{  1  -  a.exp(-jx)} 

(1.6) 
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giving; 

H(0  =  {(1  +  -  cos(2.n.N.f.dt)))/|(l  +  a2-cos(n.f.di)))  (1.7) 

where  N  is  the  number  of  tap  points  and  di  is  the  incremental  delay  period.  For  the 
idealised  configuration  in  which  negligible  power  extraction  occurs,  i.e.  a  =  0,  this 
expression  reduces  to  the  well-known  sin(Nx)/sin(x)  form. 


2  FREQUENCY  RESPONSE 

Analytical  expressions  for  frequency  response  of  fibre  delay  line  elements  based  on  the 
major  technology  options  are  collected  here,  using  consistent  notation. 

2.1  Ideal  Tapped  Delay  Line  Transversal  Filter 

H(0  =  sin(N.7t.f.di)/sin(7t.f.dt)  (2.1) 

2.2  Attenuating  Transversal  Filter 

H(0  =  {(1  +  a2N  -  cos(2.)i.N.f.dt)))/{(l  ^  a2-cos(7t.f.dt))}  (2.2) 

2.3  Dual-Coupler  Non-recirculating  Delay  Line 

H(0  =  V^Ci2  -I-  Ca^  -1-  2.Ci.C2.cos(2.7t.f.dt))/  (Cj  +  C2)  (2.3) 

C,  =  (1  -ki).(l  -k2).ai.a2  (2.4) 

C2  =  kik2ai.a2  (2.5) 

ai,  32  ar.d  a  are  the  attenuations  of  the  two  couplers  and  the  excess  anenuation  of  the 
fibre  loop  respectively  and  kj  and  k2  are  the  two  coupling  coefficients. 

2.4  Dual-coupler  Recirculating  Delay  Line 

H(f)  =  (1  -  C2)  /  V(1  +  €2^  -  2.C2.cos(2.Ti.f.dt))  (2.6) 

with  notation  as  above. 

2.5  Single-coupler  Recirculating  Delay  Line 


H(f)  =  (1  -  C5).((C4-C3.C5)2  -t-  C32 

+  2.C3.V(C4-C3.C5).cos(2.Jt.f.dt)) 

/((C3  -t-  C4  -  C3.C5).Al  +  Cs-  -  2.C5.cos(2.7i.f.dt))**0.5)  (2.7) 

where  C;  =  (1  -  k),  C4  =  k^  a  and  C5  =  k.a,  where  k  is  the  coupling  coefficient  and  a  is 
the  loop  attenuation. 


3  CENTRE  FREQUENCY 

TTie  foregoing  equations  w  ere  formulated  in  terms  of  the  temporal  delay  characterising 
either  the  inter-tap  separation  in  linear  transversal  filters  or  the  differential  delay  in 
recursive  or  non-recursive  loop  structures;  as  noted  previously,  pass-hand  centres  in 
filter  strictures  are  generally  located  at  frequencies  defined  by  the  reciprocal  of  the 
characteristic  delay  increment,  dt.  Dispersion  of  the  refractive  index,  n,  with  optical 
waveler.gth  implies  that  the  propagation  velocity  (v  =  c/n),  and  hence  the  delay 
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(dt  =  1/v  =  n/c)  associated  with  a  given  fixed  fibre  path  length,  are  simiiarly 
wavelength  dependent. 

In  the  majority  of  opccal  materials,  including  virmally  all  known  glasses,  the  refractive 
index  is  a  well  behaved  function  of  wavelength  over  the  entire  ultra-vicle*.,  visible  and 
near  infra-red  region,  a  convenient  semi-empirical  representation  being  the  Sellmeier 
oscillator  [2],  having  the  form: 

(n‘  -  1)  =  Z(A(i).lambda2/(lambda2  -  B(i)2))  (3.1) 

where  the  constants  A(i)  and  B(i)  represent  the  strength  and  wavelength  of  the  principle 
electronic  oscillators.  For  synthetic  fused  silica,  a  third  order  approximation  gives: 

A(l)=  696.1663,  B(I)=  68.4043 
A(2)  =  -407.9426,  B(2)  =  1 16.2414 
A(3i=  897.4794,  B(3)  =  9896.161, 

where  wavelength  is  specified  in  nm.  Based  on  the  assumption  of  U.V.  grade  fused 
silica  for  fibre  core  material,  the  following  results  are  obtained: 


WAVELENGTH  DEPENDENCE  OF  DELAY  CHARACTERISTICS 


lambda  (nm) 

R.I. 

dt  (ns/m) 

f(o)  (GHz.m) 

632.8 

1.4570 

4.8601 

.20576 

786.0 

1.4536 

4.8489 

.20523 

830.0 

1.4528 

4.8461 

.20635 

904.0 

1.4517 

4.8424 

.20651 

1064.0 

1.4496 

4.8355 

.20681 

1300.0 

1.4469 

4.8264 

.20719 

1500.0 

1.4446 

4.8187 

.20752 

indicating  systematic  variations  of  the  order  of  0.86%  across  the  wavelength  range  of 
potential  interest. 


4  PASS-BAND  WIDTH 

Although  the  frequency  responses  of  the  majority  of  structures  under  consideration  are 
capable  of  expression  analytically,  similar  representation  of  fundamental  pass-band 
width  is  not  so  readily  achieved.  For  the  transversal  filter,  a  standard  result  is  that  the 
full  pass-band  width  to  the  -4  db  points  is  equal  to  the  reciprocal  of  the  delay  increment 

df(4db)  =  l/dt  (4.1)1 

n  many  cases,  however,  3  dB  bandwidth  is  a  more  conventional  representation,  in 
which  case  numerical  solution  for  the  roots  of  the  equation: 

H(r)=0.5  (4.2) 

s  generally  required  in  order  to  provide  band-width  characterisation. 

For  the  ideal  equal-tap,  equal -delay  transversal  filter,  solution  of: 

(SlN(N.x)/SrN(x))2  =  0.5  (4.3) 
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where  x  =  rc.f.dt,  provides  numerical  representation  of  the  pass-band  width  as  a 
function  of  lap  number,  N.  Values  of  x  and  corresponding  -3  dB  widths  (in  units  of 
1/dt)  for  systems  of  up  to  10  taps  are  tabulated,  together  with  -4  dB  values  derived  as 
mentioned  above. 

DEPENDENCE  OF  FILTER  BANDWIDTH  ON  TAP  NUMBER 


N 

2 

3 

4 

5 

6 

7 

8 

9 

10 


dfu'dB)  (1/di) 
0.248 
0.156 
0.116 
0.092 
0.076 
0.064 
0.056 
0.050 
0.045 


df(4<lB)  (1/dt) 
0.500 
0.333 
0.250 
0.200 
0.167 
0.143 
0.125 
0.111 
0.100 


Empirically,  the  -3  dB  bandwidth  is  appro.ximately  0.5  of  the  -4  dB  figure,  i.e.  df(3dB) 
=  1/(2N)  Similar  analysis  enables  the  fiJter  band-width  in  the  exponentially  attenuated 
trans\'ersal  filter  and  the  various  recirculaang  and  non-recirculating  loop  structures  to  be 
characterised  as  a  function  of  power  coupling  factor  and  lap  number,  ciculations  of  this 
type  are  currently  in  progress. 

5  QUALITY  FACTOR 

Tne  quality  factor,  Q,  of  a  filtering  scrucrure,  is  defined  as  the  ratio  of  the  centre 
frequency  of  the  first  order  (m  =  1)  principal  lobe,  f(l)  to  the  bandwidth,  df,  i.e.; 

Q  =  f(l)/df  (5.1) 


For  the  ideal  transversal  filter,  Q  =  2N,  following  the  arguments  above. 


6  DYNAMIC  RANGE 

The  characteristic  equations  for  frequency  response,  summarised  above,  indicate  the 
presence  of  notches  between  pass-bands  and  side-lobes;  in  cases  such  as  the  ideal 
transversal  filler,  these  representations  are  cast  in  terms  of  trignometric  functions 
indicating  theoretically  infinite  notch  depth.  In  the  majority  of  configurations,  however, 
this  is  not  the  case  and  the  theoretical  expressions  indicate  a  limiting  notch  depth, 
generally  dependent  on  the  coupling  coefficients  and  attenuations  present  in  the  system  . 
By  considering  the  maximum  and  minimum  values  taken  by  these  expressions,  and 
defining  dynamic  range,  R,  as  the  ratio  of  maximum  to  minimum  transmission,  the 
following  analytical  relationships  can  be  obtained; 

6.1  Ideal  Tapped  Delay  Line  Transversal  Filter 

Theoretically  infinitely  deep  notches. 

6.2  Attenuating  Transiersal  Filter 


R  =  (a^.(a-f’-i2))/(a2(a--f-2))  (6.1) 

w  here  a  =  -ln(l  -  k),  k  is  the  tap  coupling  factor  and  the  system  has  N  taps. 

6.3  Dual-coupler  Non-recirculating  Delay  Line 
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where: 


R  =  \((Ci2  +  02^  +  2Ci.C2)/(Ci2  +  Cr  -  2C1.C2)) 


(6.2) 


Cl  =  (1  -  ki).(l  -  k2).ai.a2 
C2  =  ki.k2.ai.a2.a 

ai,  32  and  a  are  the  attenuations  of  the  rw'o  couplers  and  the  excess  attenuation  of  the 
fibre  loop  respectively  and  ki  and  k2  are  the  two  coupling  coefficients. 

6.4  Dual-coupler  Recirculating  Delay  Line 

R  =  V(C2**2  +  3)/(C2**2  -  D)  (6.3) 

with  notation  as  above 

6.5  Single-coupler  Recirculating  Delay  Line 

R  =  (((1  -  C5).(C4  -  C3.C5)2  -k  C32  +  2.C3.(C4  -  C3.C5)) 

X  V(C3  +  C4  -  C3.C5)(1  +  C52  -t-  2.C5))/ 

(((1  -  C5).(C4  -  C3.C5)2  +  C32  -  2.C3.(C4  *  C3.C5)) 

X  VC3  +  C4  -  C3.C5)(1  C52  -  2.C5))  (6.4) 

V.  here  C3  =  ( 1  -  k),  Ci  =  k^.a  and  C5  =  k.a,  where  k  is  the  coupling  coefficient  and  a  is 
the  loop  attenuation. 

6.6  4-Port  Lattice  Sections 

4-pon  lattice  sections  can  be  regarded  as  essentially  dual-coupler  delay  line  structures  of 
the  recirculating  or  non-recirculating  type  and  can  be  analysed  accordingly,  appropriate 
note  being  taken  of  the  bidirectional  direction  of  propagation  where  necessary.  TTius, 
using  the  expressions  repxjned  previously; 

6.6.1  Non-recirculating  Lanice  Sections 

R  =  V((Ci2  +  C22  +  2Ci.C2)/(Ci2  -h  C:2  -  2C].C2))  (6.5) 

where; 

Cl  =  (1  -  ki).(l  -  k2).ai.a2  (6.2) 

C2  =  ki.k2.ai.a2.a  (6.3) 

ai,  32  and  a  are  the  anenuations  of  the  two  couplers  and  the  excess  attenuation  of  the 
fibre  loop  respectively  and  ki  and  k2  are  the  two  coupling  coefficients. 

6.6.2  Recirculating  Lattice  Sections 

R  =  V(C22  +  3)/(C22- D)  (6.4) 

with  notation  as  above. 

7  POWER  BUDGET 
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It  is  imponant  to  note  that  optical  fibre  signal  processing  configurations  can  be 
classified  as  those  in  which  optical  power  is  conserved  and  those  which  intrinsically 
discard  significant  fractions  of  the  available  incident  power,  which  is  thus  unavailable 
for  subsequent  utilisation.  Thus,  whereas  the  total  available  optical  power  is  shared 
between  the  fibres  in  the  fibre-bundle  transversal  filter,  in  the  practical  tapped  delay  line 
equivalent,  where  power  is  extracted  at  each  tap,  and  power  incident  on  successive  taps 
decreases  exponentially  along  the  line,  the  total  available  output  power  is  of  the  order  of 
N.k,  w  here  k  is  the  tap  coupling  coefficient,  typically  a  few  per  cent,  and  N  ;s  the 
number  of  taps.  Similarly,  whereas  total  power  utilisation  is  a  feature  of  the  single 
coupler  recirculating  and  dual -coupler  non-recirculating  delay  line  structures,  this  is  not 
the  case  in  the  dual-coupler  recirculating  loop,  w  hich  features  an  unused  output  port, 
dumping  of  the  order  of  (1  -  k)  of  the  incident  power  on  the  first  pass. 

Note,  however,  that  even  'In  configurations  which  are  theoretically  power-conserving, 
temporal  redistribution  of  the  energy  of  an  input  single  pulse  into  an  output  pulse  train, 
and  vice  versa,  may  result  in  differences  between  input  and  output  pulse  amplitudes. 
Furthermore,  absorption  in  fibres,  together  with  absorption  and  scattering  losses  in 
couplers,  may  serve  to  introduce  additional  attenuation  factors  into  hypothetically  loss- 
free  configurations. 


d  T(1 2)  describes  the  converse  situation,  kl  and  k2  are  the  coupling  coefficients  of  the 
two  couplers  and  al  and  a2  are  attenuation  of  the  loop  and  the  forward  fibre  line 
respectively. 

Optical  power  efficiency,  i.e.  the  ratio  of  output  to  input  powers,  can  be  determined  in 
terms  of  the  system  transfer  function  H(z),  utilising  the  fact  that  the  optical  power  is 
proportional  to  the  dc  frequency  component  in  the  baseband  optical  intensity  signal,  i.e. 
z  =  1  in  the  transfer  function.  The  following  expressions  for  power  transmission,  T,  in 
two-coupler  recirculating  and  non-recinculating  lattice  elements  have  been  identified. 


7.2.1  Two  coupler  Recirculating  Element 


T)i  =(ki  (l-2.ki)k2.ai)/(l-k].k2.ai) 

(7.1) 

Ti2  =  ki.a2(l-k2)  +  k2.ai(l-ki) 

7.2.2  Two-coupler  non-recirculating  element: 

(7.2) 

Til  =(1  -kl)(l  -k2)a2  +  ki.k2.ai 

(7.3) 

Ti2  =  kl. 32.(1  -  k2)  +  ki.ai.fl  -  ki) 

(7.4) 

w  here  similar  notation  is  used.  ( 

7.2.3  Tapped  Delay  Line  (n  taps): 

T  =  h(0)  h(l)  -t-  h(2)  -»•  ...^h(n-l) 

(7.5) 

8  NOISE  PERFORM.ANCE 

Noise  in  fibre  structures  has  been  investigated  both  theoretically  and  experimentally. 
Essentially,  the  power  spectrum  of  the  autocovariance  spectrum  has  the  form: 

c(ti,t2)  =  I(  G(M).d(t2  -  ti  -  Mt))  (7.6) 
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where  d  is  the  Dirac  delta  function  and  the  impulse  intensities,  G(M)  are  relatively 
complex  mathematical  expressions.  To  the  extent  that  it  is  currently  developed,  the 
theory  predicts  the  following,  all  observed  experimentally: 

(i)  The  periodic  form  of  the  spectrum,  with  a  characteristic  notch  at  d.c. 

(ii)  The  shape  of  the  basic  period  as  a  function  of  coupling  coefficient. 

(iii)  The  dependence  of  the  spectrum  on  state  of  polarisation. 

(iv)  Insensitivity  to  environmental  conditions. 
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I’-i  abstract 

A  cnglc-oode  opocal  fiber  delay  line  for  filtering  a: 
E'gh  freqacncics  utilizes  an  nth  order  cascaded  rectfca- 
Unng  ccmnguraooD  comprised  of  a-f  1  couplers.  Each 
cc.pler  has  two  input  fibers  and  rwo  output  fibers.  One 
of  the  outpot  fibers  of  each  cocpier  except  the  last  a 
connected  to  one  of  the  input  fibers  of  the  next  coupler 
in  cascade  to  form  a  feed-forws.-d  path.  The  other  out¬ 
put  fiber  of  each  coupler  except  the  first  is  connected  to 
the  other  input  fiber  of  the  preceding  coupler,  thus 
fc.'tning  a  feed-backward  path.  The  feed -fc  .-ward  path 
and  the  .'eed-backward  path  of  adjacent  couplers  form  a 
delay  loop.  The  delay  time  in  each  succeeding  delay 
l<x>p  is  increased  by  an  Lncremcetal  delay  r  equal  to  the 
reciprocal  of  the  center  frequency  of  the  filter.  The 
delay  in  the  first  delay  loop  is  selKted  to  be  some  mulo- 
pie  m  of  r,  where  m  is  an  integer  selected  for  a  total 
delay  T  which  permits  the  use  of  optical  fiber  of  a 
length  soJEciest  to  avoid  bendng  losses  in  the  optical 
fiber.  The  incremental  nme  delay  r  can  be  made  ex¬ 
tremely  pnall.  thereby  making  the  operating  frequency 
of  the  filler  extremely  high. 

5  Gaimt,  4  Dnw-lng  Sbetti 
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1 

CASCADED  RiaBa-XAriNG  TRANSMISSION 
LINE  WTTHOLT  BEN'DCNG  LOSS  LLMTTATIONS 

This  invCTDon  wu  cnad«  Government  support 
under  Cocinct  FJ0^cn-3*-C-0C' 1 5  twirdcd  by  the  De¬ 
partment  of  the  .Air  Force,  The  Govemrocct  has  certain 
nghts  m  Lius  m^enoon. 

TECH^^CAL  FIELD 

The  mvenoon  rclaies  to  an  nth  order  recucuiating 
filter  uclinng  duecoonaJ  couplers  connected  m  cascade 
along  a  length  of  iransmissKin  line  to  form  delay  foopi, 
and  more  paracularly  to  a  novel  architecture  for  such 
recircuiaang  fDters  using  >pocal  fibers  which  over¬ 
comes  fun-damcniaJ  bendmg  less  limitanons  m  forming 
delay  loops. 

BACKGROUND  OF  THE  INVENTION 

Although  eJectromc  signal  prtx'essing  techniques  are 
effecuve  at  frequeners  below  1  to  2  GHz,  they  arc  of 
limited  applicability  at  higher  frequencies  Single-mode 
optical  fiber,  ca  the  other  hszxi,  is  an  excellent  frequen- 
cy-mdependcni  delay  medium  (0.2  lan/>isec).  vvith 
demonsLT.ed  mc-Julation  bandwidth  >  100  GHz. Ion 
and  low  loss  ( <0  2  dB/Tra).  Tne  low  lois,  large  band¬ 
width,  and  the  small  size  asso:-,atcd  with  single  mode 
opncaJ  rSrr  trait  in  ifnactive  choice  as  a  delay  line 
to  unple~.rat  signal  prtscessing  functions  at  microwave 
frequrtacs.  .As  a  result,  use  of  such  a  fiber  can  form  the 
^a.si3  of  s;gr-il  pr.xen'm.g  eltr. tnts  offer.ng  orders  of 
mgnirude  increase  in  binc'width  over  electncaj  de¬ 
vices. 

Signal  processmg  optical  fiber  devtce-.  are  schemad- 
cally,  structurally  and  operaticr-ally  similar  to  their 
electroruc  co'tnterparts.  The  design,  architectures  and 
analysis  are  .  zd  es.senaaily  eqxvalent.  However,  the 
fundamesuJ  bending  loss  limitanon  inherent  in  recircu¬ 
lating  delay  hne  strucnira  has  impeded  the  use  of  opti¬ 
cal  fiber  for  such  delay  ippbcations  as  performing  a 
bandpass  filter  function. 

Many  proceasmg  operations  using  basic  upped  and 
rectrculating  delay  lines  together  with  mo'e  complex 
feed-forward  and  feed -baci ward  latnccs.  have  already 
been  dcmor,straved  K.  P  Jackson,  et  al  ,  '‘Optical  fiber 
delay-line  signal  pro-r^as-Eg,''  IEEE  Trans.  Microwave 
Theory  Tech.  Vol.  MTT-33.  p  193,  (1985)  Simple 
tapped  delay  lines  carry  out  ba.sic  transversal  filler  oper¬ 
ations  (coovoluuoti.  correlanon,  matched  filler  and 
code  generation)  as  well  as  bandpass  filters  and  notch 
filer  operations  at  frequencien  above  I  GHz.  See  K.  P 
'ackson,  et  al..  "Microbend  optical  fiber  Lapped  delay 
line  for  gigahertz  signal  processing.”  AppI,  Phys  Lett-. 
Vol.  *1.  p  ll**.  (1982>;  J  E  Bowers,  et  al,,  "Filter  re¬ 
sponse  of  single- mode  fiber  re-circulating  delay  linea," 
Elecl.'on.  Lett .  Vol,  18.  p  1 10.  ( l'582y,  S  .A.  Newton,  et 
al..  “Optical  fiber  V  groove  tr.-’.nsversal  filler,”  AppL 
Phys.  Left..  Voi.  43(2),  p.  149,  (1983);  C.  C.  Wang. 
"Cascaded  scngle  mede  fber  optic  trar^versal  Biters.” 
Proc  SPfE  High  Frequency  optical  communication, 
Vol.  216,  p  82,  (I'^Sb)  Recirculating  delay  lines  are 
capable  of  temperary  data  storage  and  data  rate  trans- 
forma'ion  and  have  been  demonstrated  as  fiequency 
filters  above  1  GHz.  Fiber-lattice  structures  can  p>CT- 
form  nalr,.x- vector  multip'  caiion  at  100  MHz  and 
brosdba.nd  filtenrig  at  frequencies  in  excess  of  1  GHz.  B 
Moslehu  et  al  .  'Tiber-ipiic  'attice  signal  prr>ccssing.  " 
Proc  IKEF,  V..sl  72.  p  AN.  (1Q84) 
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ExtensioQ  to  frequencies  of  10  CHx,  and  above,  is 
straightforward  in  principle.  However,  it  requires  the 
use  of  shorter  fiber  lengths,  more  compact  designs  and 
faster  optoelectronic  interfaces.  The  designs  to  date 
5  result  m  processors  which  operate  at  much  lower  fre¬ 
quencies.  In  addiuon,  in  a  straightforward  implemenu- 
non.  bending  losses  in  the  fiber  place  a  lower  limit  on 
the  length  of  the  loop.  For  example,  in  a  upped  fiber 
delay  line  of  the  type  disclosed  in  U.S.  PaL  No. 
10  4,558,920  to  Newton,  et  al .  the  uppmg  points  are  usu¬ 
ally  separated  by  a  distance  equal  to  the  circumference 
of  the  cylinder  around  which  the  opticaJ  fiber  is  looped. 
Tie  bending  loss  will  limn  the  minimum  loop  length 
(cylinder  CLrcnmference)  and  thus  limit  the  high  fre- 
1!  quency  of  openaon.  For  higher  frequencies,  it  is  nexzes- 
sary  to  consider  alternative  designs  and  architectures, 
e  g.  multiple  up  points  per  fiber  loop  around  the  cylm- 
der,  linear  Up  configurations,  or  a  recirculating  lattice 
The  present  invention  considers  a  recirculating  lattice 
20  approach. 

SL'NfMARY  OF  THE  LN'VENTION 

In  accordance  with  the  present  invention,  an  nth 
order  cascaded  recirculating  filter  utilizes  couplers 
25  spaced  along  a  length  of  transmission  line.  Each  coupler 
has  two  inputs  and  two  outputs.  One  of  the  outputs  of 
each  coupler  is  connected  to  one  of  the  inputs  of  the 
next  coupler  in  cascade  to  form  a  feed-forw  ai  d  trans¬ 
mission  path,  and  the  other  one  of  the  outputs  of  each 
•0  coupler  connected  lo  the  other  input  of  the  preceding 
coupler  to  form  a  fced-backviard  transmission  path.  The 
.'‘eed-forward  path  and  feed-backward  path  form  a 
closed  delay  locp.  Each  delay  loop  along  the  cascaded 
couplers  is  made  longer  by  an  increment  of  delay  time  r 
35  equal  to  the  reciprocal  of  the  desired  center  frequency 
f<.  for  the  bandw-idih  of  the  filter.  The  feed -back ward 
loop  betw  een  the  first  pair  of  couplers  is  provided  with 
a  basic  delay  T  equal  to  a  mulbple  m  of  the  increment  r. 
where  m  Is  an  integer  selected  to  be  large  enough  to 
40  avoid  incurring  bending  losses  in  the  feed-backward 
transmission  path  between  cascaded  couplers, 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

FIG.  1  illustrates  schcmabcally  a  nth  order  cascaded 
43  recirculating  filler. 

no  lu  illustrates  a  single  closed  delay  loop  in  the 
cascaded  recirculating  filter  illuslrated  in  FIG.  1  with  a 
delay  T  —  it. 

FIG  2  illustrates  a  block  diagram  in  Z-transfonna- 
50  non  form  for  the  nth  order  cascaded  recirculating  filter 

of  no  I 

FIG.  2zi  is  a  graph  of  filter  chanctenstics  for  the  nth 
order  cascaded  recirculating  filler  of  FIG.  1  shown  in 
the  Z-iransformanon  form  m  FIG.  2. 

35  FIG.  3  illustrates  scbemabcaJly  an  examptar  third 
order  cascaded  rcorcujating  filter. 

FIG.  4  IS  a  graph  showing  the  frequency  respoase  for 
the  third  order  filter  of  RG.  3. 

FIG  5  illustrates  m  a  cross-sectional  view  the  struc- 
tO  lure  of  a  coupler  u.sed  in  the  present  invention. 

DESCRIPTON  OF  PREFERRED 
EMBODIMENTS 

Referring  to  FIG.  1.  a  cascaded  recirculating  filter 
65  consists  of  two  optical  transmission  paths  10  and  11,  and 
directional  couplers  12o.  12i.  12j . .  12,  _  i.  12,.  prefera¬ 
bly  implemer.ied  with  single-mode  optical  fibers  and 
eva.-iescent  coupling  between  inputs  lOu  and  lie.  and 
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>oiii€  coupling,  tg..  50  to  90%,  between  input  lOo  »ad 
output  115  nod  betNk  ecn  mput  lln  kod  output  lOA,  with 
100%  dfidocy  fi-c.,  with  lero  loss  of  power  in  the 
coupler!.  Eicb  coupler  12,  hu  two  inputs  lOo  uod  lln. 
ind  two  outpuo  105  and  115,  as  shown  in  FIG.  la  - 

One  of  the  outputs  Of  each  coupler  is  connected  to 
one  of  the  inputs  of  the  nest  coupler  in  sequence  to  form 
a  feed-forvk-ard  transmission  path,  namely  the  fiben  10 
coonectiag  the  upper  output  105  of  coupler  12,  to  the 
upper  mput  lOo  of  the  nest  coupler  12,„i  m  cascade.  >0 
The  other  output  fiber  u  connected  to  the  input  fiber  of 
the  preceding  coupler  to  form  a  feed-backward  trans- 
missioD  path,  namely  the  transmission  path  II  connect- 
mg  the  lower  output  115  of  coupler  12,.,  i  to  the  lower 
input  1  In  of  the  preceding  coupler  12,.  as  shown  in  FIG. 

In  for  two  adjacent  couplers  12,  and  12,  *i.  The  trans- 
missioo  paths  10  and  11  between  two  adjacen'  couplers 
12,  a.-d  12,»i  form  a  delay  loop  L,+  i  by  cou-hng  the 
feed-forward  transmission  path  10  with  the  feed-back¬ 
ward  transmission  path  11  in  the  couplers.  Thus,  the 
delay  loop  L,»i  consists  of  the  output  105  from  the 
center  of  coupler  12,,  w  hich  is  connected  directly  to  the 
input  Ida  of  the  coupler  12, » i,  and  from  there  coupled 
to  output  115  of  the  coupler  12,+  i  which  feeds  back  to 
the  input  I  In  of  the  coupler  12,.  The  total  delay  T  4-  ir  is 
of  the  loop  length  from  the  center  of  the  coupler  12, 
through  the  coupler  12,+  i  and  back  to  the  center  of  the 
coupler  12,.  The  output  115  of  the  coupler  12,  feeds  back 
to  the  mput  of  the  preceding  coupler  not  shown  in  FIG. 

In. 

Such  a  loop  L,  is.  without  defining  the  feed-backward 
delay  as  T-ir,  known  Ln  the  prior  art  (see  Mostehi.  ct 
al  ,  c-.'.ed  above,  HG  So).  The  present  invention  con¬ 
cerns  a  novel  archiiecrure  for  an  nth  order  filter  utUiz- 
mg  cascaded  couplers  where  the  novelty  is  the  delay  in 
the  delay  loop  defined  as  T-t-ir,  as  will  now  be  de¬ 
scribed  m  more  deuij  with  reference  to  RG.  1. 

The  coopling  coefTicietit  of  the  coupler  12,i  on  the 
right  hand  nde  is  indicated  as  to,  and  the  others  from  ^ 
right  to  left  as  ai  .  .  .  a^-:.  a,_i,  a,,  where  “coupling 
coeffioent"  is  defined  as  the  fraction  of  power  coupled 
from  one  transmission  path  through  the  coupler  into  the 
other  For  example,  if  the  coupling  coefficient  is  0.7,  the 
fraction  of  power  coupled  from  the  input  transmission  43 
path  lOu  to  the  output  transmission  path  115  is  7/10,  Le.. 
70%.  Energy  thus  coupled  into  the  delay  loop  L,  is 
coupled  back  into  the  transmission  path  10  through  the 
output  105  with  the  same  coupling  factor,  namely  0.7  of 
the  fracnon  7/10.  which  is  equal  to  0.49.  The  baiance  of  50 
0.3x7/10  =  0.147  recirculates  in  the  loop.  As  will  be 
noted  with  reference  to  an  exemplar  for  a  third  order 
filter  shown  in  FIG.  3,  a  high  uniform  coefficient  of 
coupling  a  preferred  for  the  filter  funeboo,  although  it 
is  recogniied  that  other  designs  may  be  employed  such  5; 
as  lapermg  the  coefficient  of  coupling  from  0.5  to  0.9,  or 
from  0.9  to  0.5. 

In  this  configurabon.  the  corresponding  delay  of  the 
first  loop  on  the  left  is  set  for  a  basic  period  T  equal  to 
some  mulbple  t  indicated  as  mr  where  t  is  defined  as  an  5C 
"incremental  delay  time"  and  m  is  an  integer.  A  perb- 
nent  value  of  m  will  be  discussed  below.  The  incremen¬ 
tal  delay  bme  r  is  set  equal  to  the  reciprocal  of  the 
center  frequency  fc  of  the  desired  passband  response. 
This  arrangement  will  become  clear  afier  the  structure  65 
IS  described.  The  corresponding  delay  of  the  second 
loop  Lj  is  T-t-  r  and  of  the  succeeding  loops  are  T  +  It, 

T  +  3t.  T-i-(d  -1>t. 
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From  the  feregomg,  it  is  evident  each  loop  has  two 
ports  vviih  two  le.Tnmali  at  each  port  (two  mputs.  two 
outputs).  In  order  to  more  easJy  derive  the  transfer 
fuacnoa  H(f)  of  the  filler,  where  H(0  u  a  complex 
function  equal  :o  the  rauo  of  the  output  to  the  input  as 
a  function  of  frequency,  the  equivalent  block  diagram 
representation  of  the  cascaded  recuculaung  filler  m 
Z-transformaDon  form  shown  m  FIG.  2  is  used.  A.  V 
Oppdheim.  et  al.,  “Digilal  Signal  Processmg,"  Engie- 
w-ood  cuffs,  NJ..  Prentjce-Ha!'..  1975;  S.  K-  Mitri,  et 
aL.  "Digital  ladder  networks."  fEEE  Trans,  Audio 
E-ectJoacousi..  VoL  AU-ll,  p  30,  (1973).  The  Z-trans- 
formaaon  block  diagram  is  a  tcnple  senes  of  elements 
with  each  element  being  a  two-port  system,  each  pon 
hav-mg  an  input  and  an  output  terminal.  In  a  linear  and 
cme-mvanani  rwo-port  system.  'Jie  two  pairs  of  signals 
Xi.  Y;  and  Vi,  X;  at  the  two  ports  can  be  related  by  a 
cham  mainx  where  X|  is  an  input  and  Yi  is  an  ^  puL 
F.ma  the  Z-umisfortnabon  form,  it  is  evident  from 
FIG.  2  that  if  g  represent  the  chain  matrix  of  an  ele¬ 
ment  and  G  is  the  chain  mafnx  of  the  overall  system, 
then  G  IS  the  p.'oduct  of  the  chs_n  matnees  represer.tL-.g 
all  of  the  elements  mulbpUed  m  the  same  order  in  w  hich 
they  are  cascaded  in  the  system; 

C-fi-f:  r.-ii. 

.Ami  It  is  seen  evident  that  a  delay  in  the  feedback  path 
between  adjacent  couplers  I2r+  12|,  12:,  .  .  12, _i,  12, 

increases  from  Z~'  -  by  one  umt  of  delay  for  each  suc¬ 
cessive  coupler  to  provide  the  required  feed-backward 
loop  delays  of  Z"",  Z~( .  .  .  Z for  the 
cascaded  recirculating  filter.  In  accordance  with  the 
present  invention.  Z corresponds  to  the  Z-iransform 
of  delay  nme  T.  and  T  is  some  mulbple  of  a  loop  incre¬ 
mental  delay  bme  r  which  defines  the  center  frequency 
of  the  delay  line,  Le.,  where  the  center  frequency  fc 
shewn  m  FIG.  2a  is  equal  lb  the  reciprocal  of  the  loop 
incTcnenul  delay  bme  t.  This  is  done  m  order  to  avoid 
extremely  bght  fiber  opbc  bending  for  very  small  loop 
delays  required  for  selecting  a  center  frequency  higher 
than  1  GHr  or  2  GHx  corresponding  to  a  high  fre¬ 
quency  of  filler  operabon.  which  would  otherwise  re¬ 
sult  in  bending  losses.  Thus,  in  accordance  with  this 
invcnbon.  T  is  made  equal  to  some  muJbpIe  m  of  the 
loop  mcremental  delay  bme  r,  where  m  is  a  posibve 
integer,  i.e.,  the  bme  delay  T  =  mT  for  the  first  feed- 
backward  delay  loop  L|  is  made  targe  enough  (by 
pn.'?cr  scIecDOD  of  m)  to  a  'oid  bght  bending  of  the 
optical  fiber  IL  Then  for  each  subsequent  loop  Ly.  .  .  . 
La,  the  delay  T  is  incremented  by  an  addibonal  unit  of 
delay  r.  where  r=  I/L-  This  incrementa]  delay  added  to 
each  successive  delay  loop  is  readily  provided  by  m- 
ertasmg  the  length  of  the  loop  connecting  the  output 
115  and  the  input  11a  of  adjacent  couplers  12,+  g  and  12^ 
respecbvely,  of  loop  L*  over  the  total  length  of  the 
previous  feed-backward  delay  loop  L,_i.  The  incre- 
meat  of  delay  loop  length  to  be  added  can  be  readily 
calculated  once  r  is  determined.  Le..  once  the  center 
frequency  of  the  desired  filter  eperabon  is  determined. 

An  examplar  for  an  optimixed  third-order  cascaded 
remrculaiing  filter  is  shown  in  FIG.  3.  Given  a  desired 
center  frequency  of  4  GHz,  the  design  parameters,  in¬ 
cluding  the  optical  fiber  length  for  each  stage  and  the 
coupling  coefTicienl.  are  as  shown.  The  velocity  of 
light,  V,  in  the  opneal  fiber  having  an  index  of  refraction 
11  =  1.5  is 
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where  c  IS  the  speed  of  light  in  space.  The  iocreinccuJ  ^ 
delay  t  for  Use  given  center  freciuency  of  4  GRi  u  given 
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The  incrcinenuJ  length  Lrof  optical  fiber  required  for  a 
delay  of  0.Z5  ns  is  then  delcnnined  to  be 

-rr- 10135  X  10*  ih/jx  aid  «- 5  06  OT.  i<l 

To  avoid  unacceptable  bending  losses,  a  preferred  mini¬ 
mum  loop  length  is  about  15  cm.  Therefore,  the  factor 
m  IS  selected  to  be  3,  and  the  delay  T  for  the  first  loop 
corresponds  with  a  loop  length  Li  of  15.18  cm.  The  ^ 
loop  length  for  the  remaining  two  cascaded  filler  loops 
L2  and  L3  then  correspond  to  20.24  and  25.30  cm.  u 
shown. 

The  frequency  response  of  the  filler  in  FIG.  3  is 
shown  m  FIG.  4,  This  filter  exhibits  a  quality  factor  (Q) 
of  185,  where  Q  is  the  ratio  of  center  frequency  to  band¬ 
width  of  the  filter  and  side  lobe  rejection  ratio  of  greater 
ihin  33  dB.  Higher  operating  frequencies  can  be 
achieved  by  calculating  T  and  r  appropriately.  In  prm- 
ciplc,  '  can  be  made  infirutcsimally  small  since  the  bend¬ 
ing  loss  IS  a  function  of  the  radius  for  the  loop  of  delay 
T.  rather  than  a  Icwp  for  incremental  delay  time  r.  Al¬ 
though  there  is  a  practical  limit  to  how  small  r  can  be 
made  with  accuracy,  operation  in  the  50  GHz  to  100  jj 
GHz  frequency  range  should  be  achievable. 

Bidirecacn*]  couplers  svitb  a  coupling  coefficient  a 
can  be  readily  fabricated.  A  coupling  coeffiaent  of  0.9 
IS  ry-pioal  for  a  coupler  fabricated  as  illustrated  in  FIG. 

5  Two  tilicoQ  blocks  20  and  21  are  first  prepared  to  ^ 
receive  optical  fibers  HT  and  11'  as  shown  in  cross  sec- 
DOD  with  a  bend  of  large  radius  (about  2.5  cm).  After  the 
opncai  fibers  are  cemented  in  their  curved  grooves,  as 
with  epoxy,  the  mating  (grooved)  surfaces  are  polished 
una’  the  c.cm  22  and  23  of  the  opocal  fibers  lO"  and  IT  45 
have  been  ground  past  their  cladding  layers  24  and  25  to 
very  near  thmr  cenlcr  lines  A  thm  film  of  oil  26  hav-ng 
about  the  same  index  of  refraction  as  the  core  is  pro¬ 
vided  between  the  polished  surfsem  to  assure  the  coo- 
plmg  desired-  The  two  blocks  are  ideally  aligned  so  chat  jo 
the  center  lines  of  the  optical  fibers  are  tangent  at  the 
center  of  the  blocks  Couplen  fabricated  in  thu  or  simi¬ 
lar  manner  are  commercially  available  with  two  input 
fiber  pigtails  and  two  output  fiber  pigtaiis  protrudmg 
from  the  mated  blocks  One  output  fiber  pigtail  from  55 
one  block  may  be  fused  directly  to  the  input  fiber  pigtail 
of  the  next  block  in  cascade  to  form  the  continuous 
feed -forward  transmission  path  10.  The  necessary 
lengths  of  optica]  fiber  required  to  make  up  the  deUy 
loops  arc  then  cut  and  fused  to  the  other  input  a-id  60 
output  fiber  pigtails 

The  advantage  of  the  present  invention  over  conven¬ 
tional  recirculating  delay  line  filte.T  ;hai  employ  a  con¬ 
stant  delay  loop  length  for  each  stage  is  significant  m 
that  It  permits  fabncaiing  filters  operating  at  much  65 
higher  frequencies  without  limit  due  to  bending  losses 
ihe  limit  is  only  in  how  small  the  incremental  delay  time 
T  may  be  made. 
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Although  preferred  embodiment!  have  bees  de¬ 
scribed  and  in  jsiraud  with  optica]  fiber  used  for  the 
transmission  paihs,  it  wu2  be  evident  to  those  skilled  in 
the  art  that  the  present  iev  ention  may  be  practiced  with 
other  forms  of  transnussioa  lines,  such  as  dielectric 
supported  strtp  lines  of  the  symmetrical  or  sandwxrh 
type,  or  of  the  masymmetmcal  type  referred  to  as  micro- 
strip  lines,  or  other  types  of  microwave  transmissioo 
lines,  such  as  coaxial  cables  or  waveguides.  Conse¬ 
quently,  it  is  mtemded  that  the  claims  be  interpreted  to 
cover  such  other  transmissioo  lines  used  in  a  recirculat¬ 
ing  delay  line  Slier  of  the  general  Z-cransform  charac¬ 
teristics  illustraied  in  FIG.  2. 

We  eUiny. 

1.  An  nth  order  remrcnlaring  filter  utihrmg  direc¬ 
tional  couplers  connected  in  cascade  along  a  length  of 
transmission  line,  whemn  each  coupler  has  two  inputs 
and  two  outpc3  for  rcceving  and  transmitting  energy, 
a  first  one  of  the  outpea  of  each  coupler  being  coo- 
Dccted  to  a  firs:  one  of  the  mputs  of  the  next  coupler  in 
cascade  to  form  a  feed-forw  ard  path,  and  a  second  one 
of  the  two  outputs  of  each  coupler  connected  to  a  sec¬ 
ond  one  of  the  two  inputs  of  a  preceding  coupler  to 
form  a  feed-backward  path,  said  feed-forward  path  and 
said  feed-baerw  ard  path  berween  adjacent  ones  of  said 
couplers  fonr.mg  a  loop  with  an  inciemcnttl  increase  m 
the  delay  in  each  successive  feed-backward  path  be¬ 
tween  adjacent  ones  of  said  couplers,  wherein  said  in¬ 
cremental  increase  is  a  delay  time  r  equal  to  the  recipro¬ 
cal  of  the  center  frequency  of  a  desired  bandwidth  of 
filter  operaticm  and  said  first  loop  has  a  delay  T  equal  to 
a  multiple  m  of  r,  where  m  is  an  integer  greater  than 
one. 

2.  An  nth  order  recmrjlanng  filter  as  defined  in  claim 
1  wherein  said  transnusmon  line  is  comprised  of  single- 
mode  optical  fiber  and  said  integer  m  is  selected  to 
provide  a  loop -delay  which  corresponds  with  a  loop 
length  sufficient  to  avewd  bending  losses. 

3.  An  nth  order  reccnrulating  optical  fiber  bandpass 
filter  having  a  cealcr  frequency  t  comprising 

a  plurality  of  direoonal  fiber-optic  couplers  in  cas¬ 
cade,  each  coupler  having  two  input  optical  fibers 
and  two  output  opocal  fibers,  each  coupler  except 
a  last  00c  of  said  couplers  in  cascade  having  one 
output  cpocaJ  fiber  connected  to  an  input  optxaj 
fiber  of  the  next  ccviplcr  in  cascade  for  direct  trans¬ 
mission  of  light  th.-OQgh  said  couplers  in  a  feed-for¬ 
ward  light  path. 

each  coupler  except  said  last  one  of  said  couplers 
basing  a  second  00c  of  said  two  input  fibers  con¬ 
nected  a  second  one  of  said  two  output  fibers  of 
the  next  coupler  is  cascade  to  form  a  delay  loop  for 
transmission  of  hghl  from  the  next  coupler  in  a 
fced-backw-ard  path  with  a  predetennmed  delay. 

said  predetermined  delay  for  a  first  loop  between  a 
first  pair  of  couplers  connected  in  cascade  being 
predetermined  to  be  mr.  where  r  is  a  delay  equal  to 
the  reciprocal  of  said  cenlcr  frequency  fi  and  tn  is 
an  integer  greater  than  one  selected  to  provide  a 
first  loop  with  delay  T  equal  to  mr  and  of  sufficieni 
length  to  avoid  Vosses  associated  with  bending  of 
optical  fiber,  and 

the  loop  delay  between  successive  pairs  of  couplers 
numbered  0,  1.  2,  .  .  .  n  m  sequence  along  said  bghi 
path  IS  incremented  by  a  delay  equal  to  r,  thereby 
10  prov-yie  a  total  delay  for  the  ilh  delay  loop  of 
T  *  ir.  w  here  1  is  the  number  of  the  input  coupler  of 
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(h«  iih  dcUy  loop,  ukJ  r  is  equsi  to  tbc  reaproctl 
of  usd  center  frequency  t 
4.  An  nth  order  recirculsdng  fiber  bendpaa  filter  as 
defined  in  claim  3  wherein  the  loop  delay  between  suc¬ 
cessive  pain  of  couplen  is  inplemcnted  by  incremental  5 
increase  m  loop  length. 

5  An  nth  order  cascaded  recirculating  filter  compris¬ 
ing 

a  plurality  of  optical  couplers  spaced  along  a  first 
single-mode  optical  fiber,  each  coupler  having  10 
a  first  single-mode  opocaJ  fiber  input  and  a  fint  sin¬ 
gle-mode  optical  fiber  output  connected  to  form 
said  first  single-mode  opticid  fiber, 

I  second  sin^e-mode  opbcal  fiber  mput  and  a  second 
single-mode  optical  fiber  output,  said  second  sin-  13 
gle-mode  optical  fiber  output  of  each  coupler  con¬ 
nected  to  said  second  stngle-mode  opocai  fiber 
input  of  the  next  preceding  coupler  along  said  first 
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single-mode  optical  fiber  to  form  a  feed -backward 
loop  between  adjacent  couplen  with  a  loop  length 
in  each  successive  feed-b^kw/ard  delay  loop  of 
delay  time  T  that  is  increased  by  an  mcremental 
deliy  ume  r  from  one  pair  of  adjacent  couplers  to 
the  next,  where  the  incremental  increase  is  delay 
time  r  for  each  successive  pair  of  adjacent  couplers 
IS  the  reciprocal  of  the  cen',er  frequency  of  i  de¬ 
sired  bandwidth  of  filter  operation,  and  said  mere- 
mental  increase  in  delay  tiiDe  r  is  implemes'.nd  by 
an  incremental  increase  in  loop  length,  and  said 
feed-backward  delay  loop  time  T  is  equal  to  some 
mulbple  m  of  r,  where  m  is  an  integer  greater  than 
one  selected  to  provide  a  feed-backward  delay  time 
T  for  the  first  loop  of  a  length  sufficient  to  ivoid 
bending  losses  at  the  desired  bandwidth  of  filter 
operanon. 
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APPENDIX  D 

CHARACTERIZATION  STUDY  OF 
OPTICAL  FIBERS 


2. 3. 1.1  Glass  Composition 

Although  a  vide  range  of  glass  systems  has  been  investigated,  few  have  found 
applicability  in  optical  fiber  fabrication.  For  propagation,  in  the 
visible/near  I.R.,  silica-based  fibers  (phosphorous  or  germanium  doped  Si02 
core  with  pure  Si02  cladding)  are  currently  preferred  types  (1),  exhibiting 
near-theoretical  losses,  although  lead  silicate  and  soda-line  glasses  have  been 
investigated.  Motivated  by  the  possibility  of  further  reduction  in  F-ayleigh 
scattering  losses  available  at  longer  wavelengths,  new  fluoride  glass  systems 
are  under  investigation,  emphasis  being  placed  on  the  system  ZrF4-BaF2  and  its 
derivatives  (2). 

2. 3. 1.2  ATTENUATION 

Attenuation  in  optical  fibers  results  from  a  number  of  wavelength  dependent 
mechanisms,  including  scattering,  absorption,  and  externally- induced  losses, 
such  as  those  due  to  bending.  Although  each  of  these  losses  can  be  small  over 
a  particular  range  of  optical  wavelengths,  their  combined  effect  restricts 
operation  of  a  fiber  system  to  a  relatively  narrow  spectral  band.  The 
attenuation  of  a  fiber  limits  the  length  and  number  of  taps  that  a  delay  line 
processor  can  accommodate,  indicating  a  requirement  for  minimum  loss  cor.sistent 
with  other  requirements.  Since  the  S.O.W.  calls  for  consideration  of 
operation  in  the  wavelength  range  0.8  -  1.6  urn,  discussion  is  conveniently 

constrained  to  silica  based  fibers,  although  alternative  types  are  noted  in 
what  follows  for  completeness. 
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2. 3. 1.2.1  Intrinsic  Attenuation 


This  heading  covers  the  fundamental  loss  mechanisms  existing  within  an  Ideal 
glass  matrix. 

2. 3. 1.2. 1.1  Short  Wavelength  Absorption  Edge 

Short-vavelength  absorption  is  due  to  inter-band  electronic  transitions  within 
the  glass,  exhibiting  an  approximate  exponential  wavelength  dependence: 

a(sw)  -  A.exp(k/L), 

the  so-called  Urbach  edge.  The  constant  A  has  the  value  0.81  for  pure  silica 
(3),  increasing  to  1.36  and  1.51  for  germanium  phosphosillcate  and  germanium 
borosilicate  fibers  respectively  (4). 

For  Ge ,  P,  B  and  F-doped  silica  glasses,  the  electronic  absorption  bands  occur 
in  the  U.V.  at  energies  around  10  eV  (5);  this  figure  shifts  towards  the 
visible  for  long  wavelength  glasses. 

2. 3. 1.2. 1.2  Long  Wavelength  Absorption  Edge 

The  long  wavelength  absorption  edge  represents  a  multi -phonon  absorption  tail 
arising  from  overtones  and  combination  bands  of  fundamental  material  vibrations 
at  longer  wavelengths  (typically  in  the  range  7  -  11  ;ii  (5)).  the  position  of 
the  fund.^iiental  absorption  is  defined  empirically  by  (6): 
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( (k/u)*-*.  5)/2  .pi  .c 


where  w  Is  in  wavenumbers,  k  Is  an  Inter-atomic  interaction  force  constant  and 
u  Is  the  reduced  atomic  mass.  Analytically,  the  long  wavelength  edge  has  the 
form  (5): 

a(lw)  -  C-exp(-j/L) . 

2. 3. 1.2. 1.3  Rayleigh  Scattering 

Rayleigh  scattering  arises  from  random  composition  and  density  fluctuations  on 
a  microscopic  scale,  causing  refractive  index  changes  in  the  glass.  The 
spatial  separation  of  these  fluctuations  is  small  compared  to  the  wavelength  of 
light,  Inducing  a  scattering  loss  decreasing  as  the  fourth  power  of  the  optical 
wavelength  (7): 

a(sc)  -  B/(L*-*4) 

All  transparent  matter  scatters  light  due  to  thermal  fluctuations  which,  in 
turn,  generate  fluctuations  in  refractive  index.  In  glass,  these  fluctuations 
are  frozen  in  on  cooling  through  the  annealing  temperature.  Similar,  more 
Important,  fluctuations  arise  "from  dopant  concentration  fluctuations;  these 
tend  to  dominate  overall  scattering. 
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2. 3. 1.2. 1.4  Discussion 


Below  a  wavelength  of  1.6  the  dominant  loss  mechanism  in  silica-based  fiber 

is  Rayleigh  scattering,  caused  by  perturbation  of  the  propagating 

electromagnetic  wave  by  microscopic  -  scale  material  Inhomogenelties ,  and 
exhibiting  an  inverse  quadratic  wavelength  dependence.  At  longer  wavelengths, 
structural  absorption  processes  resulting  from  interatomic  bond  absorption 
predominate,  limiting  silicate  glasses  to  operation  below  about  1.6  >ia.  The 
two  loss  processes  combine  to  yield  an  optical  transmission  maximum  around  1.5 
pm . 

2. 3. 1.2. 2.  Extrinsic  Attenuation 

Thi,‘=  hf  .’ding  Inclvides  loss  process  external  to  the  fiber. 

2. 3. 1.2. 2.1  Impurity  Absorption 

All  materials  contain  at  least  some  impurities  which  absorb  light  at  different 
wavelengths.  For  glasses,  characteristic  absorption  species  include; 

Hydroxyl  groups: 

The  first  overtone  of  the  fundamental  0-H  stretch  vibration  is  responsible  for 
the  absorption  peak  occurring  around  1.4  pm  in  silica  glass;  higher  overtones 
occur  at  950  and  725  nm  (8).  Similar  absorptions  occur  in  the  relatively  more 
hygroscopic  fluoride  fibers  (9). 
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Transition  metal  Ions: 


The  absorption  spectra  of  the  first  row  transition  metal  ions  are  broad,  with 
strengths  varying  from  glass  to  glass.  The  most  common  sources  are  copper, 
iron,  cobalt,  vanadium  and  chromium  (10.11). 

Lanthanide  ions: 

Lanthanide  ions  exhibit  absorptions  which  are  considerably  narrower,  and  of 
lover  intensity,  than  those  of  the  transition  metals  (12). 

Miscellaneous  absorbers: 

Other  absorbers  identified  in  glasses  include  ammonium,  phosphate  and  sulphate 
ions,  together  with  dissolved  carbon  monoxide  and  dioxide,  although  these  are 
generally  very  sharp  or  at  relatively  long  wavelengths. 

2. 3. 1.2. 2. 2  Scattering 

Two  classes  of  extrinsic  scattering  have  been  identified  in  glasses. 

Mie  Scatter: 

Mie  scatter  varies  as  L**-2,  and  has  been  correlated  with  impurity  particles 
with  dimensions  of  the  order  of  the  wavelength  of  light.  The  identity  of  the 
particles  is  unknown,  but  they  are  believed  to  arise  as  starting  material 
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Impurities  or  as  processing  contaminants.  This  t>-pe  of  scattering  is 
significantly  reduced  in  current  processing  technology. 

Wavelength  Independent  Scatter 

This  type  of  scatter  is  a  major  cause  of  loss  in  fluoride  fibers  in 
being  due  to  imperfections  with  dimensions  greater  than  the  light 
bubbles  and  cir-stall  ine  precipitates  are  typical  sources.  This 
process  is  eliminated  in  silica  fibers. 

2. 3.1. 3  DISPERSION 

The  bandwidth  of  an  optical  delay  line  will  be  limited  by  the  dispersion  of  the 
fiber,  which,  in  turn,  depends  on  the  wavelength  and  bandwidth  of  the  source, 
as  well  as  the  type  of  fiber.  Several  different  classes  of  dispersion  can 
contribute  to  limit  the  bandwidth  of  an  optical  fiber,  the  dominant  mechanism 
depending  on  the  waveguide  properties  and  the  spectrum  of  the  optical  source. 

For  a  typical  lev  loss  monomode  fiber,  dispersion  is  dominated  by  the  material 
dispersion  of  fused  silica,  slightly  modified  by  the  influence  of  core  dopants. 
Such  fibers  typically  exhibit  dispersion  of  around  llOps/km.nm  at  1.06  ;im,  with 
zero  dispersion  at  around  1.3  pm. 

2.3  1.3.1  Modal  Dispersion 

Modal  dispersion  applies  solely  to  multimode  fibers,  and  is  Included  here 
chiefly  for  completeness.  Multimode  fiber  can  guide  a  number  of  transverse 


particular , 
wavelength ; 
scattering 
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nodes  that  do  not,  in  general,  propagate  at  the  sane  group  velocity. 
Modulation  bandwidths  of  nultiaode  fiber  are  typically  in  the  range  of  a  few 
MHz-km  to  several  hundred  MHz-kn.  Bandwidths  of  Just  over  1  CHz-ka  can  be 
obtained  using  a  specially  designed  graded  index  nultimode  fiber. 

2. 3. 1.3. 2  Waveg^iide  Dispersion. 

Waveguide  dispersion  results  fron  the  fact  that  the  propagating  optical  energy 
in  a  monomode  fiber  is  shared  between  the  core  and  the  cladding  materials, 
which  have  differing  characteristics.  Waveguide  dispersion  in  a  step  index 
fiber  has  the  form; 


W  -  (-D.dn/c.L) .  (V.d2(Vb)/dV2) 

where  V  is  the  normalized  frequency,  defined  by: 

V  -  2. pi. a  (2n.dn)**0. 5/L 

D  is  the  fiber  length,  b  a  normalized  propagation  constant,  n  is  the  core 
refractive  index,  dn  is  the  index  difference  and  a  the  core  radius. 
Numerically  (13) : 

V.d2(Vb)/dV2  -  4.501  -  3.106V  +  0.547V**2 

giving  good  agreement  with  experiment  in  the  range  1.3  to  2.4  /ai  for  silica 
based  fibers. 
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2. 3.1. 3. 3  Wavelength  Dispersion  (Material  dispersion) 

The  refractive  Indices  of  most  glasses  exhibit  significant  dispersion  with 
wavelength,  generally  capable  of  representation  by  means  of  a  suitable  power 
series  in  reciprocal  wavelength.  Modulation  bandwidth  of  a  monomode  fiber  Is 
then  typically  limited  by  the  dependence  of  the  fiber  refractive  index  on  the 
optical  carrier  wavelength;  this  is  due  to  the  different  group  delays  suffered 
by  different  spectral  components  of  the  source.  Analytically,  wavelength 
dispersion  Is  a  function  of  the  second  derivative  of  index  with  wavelength: 

M  -  (-L/c) . (d2n/dL2) 

where  c  is  the  velocity  of  light. 

For  near  I.R.  wavelengths,  a  convenient  empirical  relationship  is  (14): 

f(3dB)  -  187.3/(S.T  dt(g)/dL  ) 

where  f(3dB)  is  the  modulation  bandwidth  of  the  fiber  in  GHz,  T  Is  its  length, 
(dt/dL)  is  the  differencial  dispersion  (ps/nm-kn)  and  S  is  the  half-width  of 
the  optical  source.  Including  modulation  sidebands. 

2. 3. 1.3. 4  Polarization  Dispersion 

In  some  delay  line  implementations,  polarization  of  guided  light  in  the  fiber 
may  need  to  be  preserved.  This  has  resulted  in  the  development  of  polarization 
maintaining  fibers,  possessing  either  highly  elliptical  cores  or  cladding 
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stress  lobes,  resulting  In  high  levels  of  unlfono  birefringence  along  the 
fiber.  Such  fibers  exhibit  significant  polarization  dispersion  between  the  two 
orthogonal  modes,  with  magnitude  50  -  1000  ps/km.nm. 

2. 3. 1.3. 5  Discussion 

A  significant  characteristic  of  silica  fiber  is  the  fact  that  whereas  waveguide 
dispersion  is  negative  at  all  wavelengths,  material  dispersion  is  positive  at 
wavelengths  longer  than  a  critical  value  L(mo)  A  fiber  design  can  thus  be 
tuned  to  exhibit  zero  dispersion  at  some  wavelength  less  than  this  critical 
value  (  in  the  region  of  1.3  pm  for  silica  fiber);  In  current  "Dispersion 
Shifted"  fibers  this  Is  generally  arranged  to  coincide  with  the  silica  fiber 
attenuation  minimuni  around  1.5  pm.  Alternatively  it  Is  possible  to  implement 
relatively  low  (5  ps/lon.run),  but  nearly  constant,  dispersion  over  a  particular 
wavelength  range.  Such  "Dispersion  Flattened*  fibers  typically  possess  two 
dispersion  minima,  nominally  at  wavelengths  of  1.3  and  1.55  pm.  Similar  fiber 
designs  can  be  generated  for  fluoride -based  infra-red  fibers. 

2. 3. 1.4  PROPAGATION  VELOCITY 

Closely  allied  with  the  subject  of  dispersion  is  the  absolute  propagation 
velocity  along  a  fiber,  a  key  parameter  since  it  defines  the  space-time 
relationships  underlying  the  operation  of  most  processor  architectures.  Far 
from  cut-off,  the  characteristic  group  delay  of  a  monomode  fiber  is  defined 
essentially  by  the  refractive  index  of  the  core;  nearer  cut-off,  this  is  not 
the  case,  and  intrinsic  delay  may  thus  be  a  relatively  strongly  varying 
function  of  optical  wavelength. 
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2. 3. 1.5  LINEARITY 


The  fundamental  linear  d^-naaic  range  of  a  fiber  is  liirited  by  quantum  noise  in 
the  low  signal  limit  and  constrained  by  nonlinear  loss  processes  at  high  signal 
levels.  The  minimuin  detectable  power  transmitted  by  a  low  loss  fiber  is 
limited  by  quantum  noise,  defined  by  the  noise  -  equivalent  power  (NEP)  (15),  is: 


N.E.P.  -  2h.u.B 

where  h  is  Planck's  constant,  u  is  the  optical  frequency  and  B  is  the  sampling 
bandwidth . 

The  upper  limit  to  responsivity  is  defined  by  stimulated  Raman  (16)  and 
stimulated  Brillouin  scattering,  the  primary  effect  of  which  is  the  transfer  of 
energy  from  the  propagating  wave  to  a  forward  or  backward  wave  at  lower 
frequency.  The  critical  power  at  which  sticrulated  Raman  back-scattering 
becomes  important  is  given  approximately  (16)  by 

P(crit)  -  231.Aa/LY(o) 

where  A  is  the  fiber  core  cross-sectional  area,  L  is  the  fiber  length,  a  is  the 
linear  attenuation  constant,  Y(o)  is  the  Raman  gain  coefficient,  with  a  value 
of  the  order  of  5  E-10  cm/V  (17). 

Based  on  the  foregoing  equations,  the  inherent  dynamic  range  of  a  fiber  can  be 
estimated.  While  Raman  scattering  is  essentially  independent  of  signal 
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(Bodulaclon)  bandwidth,  quantua  noise  is  linearly  proportional  to  signal 
bandwidth.  The  fundamental  optical  dynamic  range  of  a  fiber  thus  decreases 
linearly  with  increasing  signal  bandwidth,  being  typically  8C  dB  for  a  10  GHz 
signal  along  a  200  a  delay  path. 

2.3. 1.6  FIBER  ASSESSMENT 

Optical  fibers  are  conveniently  classified  in  terms  of  their  wavelength  range 
of  operation,  attenuation  character istics ,  zero-dispersion  wavelength,  maximum 
dispersion  and  the  wavelength  band  over  which  it  is  applicable.  Table  1 
summarizes  data  on  currently  available  monomode  fibers,  applicable  in  the 
present  case.  Fluoride-glass  infra-red  fibers  are  not  considered  here. 
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Manufacturer 

W length 

Attn, 

Z.D. 

Dlsp 

Band 

AT&T 

1310-1550 

0.35 

1310 

3.2 

1285-1300 

BICC 

1330-1550 

0.2 

1300 

3.5 

1285-1330 

BIW  Cable  Systems 

1300-1550 

0.7 

1310 

3.5 

1285-1300 

Cableoptic  S  A 

1275-1325 

0.5 

1315 

u 

Celwave  systems 

1285-1330 

0.4 

1300 

3.5 

1285-1330 

Corning  Glass  Vorks 

1300 

0.4 

1300 

3.5 

1285-1330 

Coming  Glass  Works 

1550 

0.22 

1550 

2.5 

1525-1575 

Dlag  lide  Inc 

850 

5 

1300 

EOTec  Corp 

820 

3 

EOTec  Corp 

850 

3.5 

Fibronics  Ltd 

1300-1550 

0.5 

1315 

3.5 

1285-1330 

Furakawa  Electric 

1285-1233 

0.4 

1310 

3.5 

1285-1330 

GEC  Optical  Fibers  Ltd 

1300 

0.4 

1305 

6 

1275-1325 

ISPRA  Fiberoptics 

1300 

0.45 

1300 

3.5 

1290-1330 

ITT  E-0  Products 

1300 

0.5 

1310 

3.5 

1285-1330 

Northern  Telecom 

1300-1550 

0.4 

1310 

3 

1285-1330 

Olex  Cables 

800-1600 

0.6 

1300 

18 

Optical  Cable 

1130-1270 

0.5 

3.5 

Pirelli  cable  corp 

1300 

0.4 

3.5 

1285-1330 

Remee  Products 

1300 

0.5 

3.5 

1285-1330 

Siecor  Corp 

'00 

0.4 

1310 

3.5 

1295-1325 
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SpecTran  Corp 

1300-1550 

0.3 

1310 

3.5  1300 

Standard  Wire  &  Cable 

1300-1550 

0.5 

1300 

1285-1330 

Suaitonio  electric 

1310-1550 

0.4 

1310 

3.5  1285-1330 

York  V.S.O.P. 

600- 

5 

York  V.S.O.P. 

1250 

2 
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SL'VV^RY 


A  range  of  novel  o^t'cal  fi^re  and  related  waveguide  directional  coupler 
components  has  been  developed,  suitable  for  incorporation  in  a  variety  of 
optical  tapped  delay  line  signal  processing  system  configurations. 
Components  developed  include  polished  polarisation-maintaining  couplers 
fabricated  in  high-birefringence  fibre  and  exhibiting  polarisation 
extinction  comparable  with  or  superior  to  that  available  from 
sta te-of-the-art  components,  and  high-speed  switched  couplers  suitable 
for  processor  applications  involving  high-speed  reconfiguration  of 
coupling  parameters.  The  progranne  has  confirmed  the  feasibility  of 
manufacture  of  monolithic  arrays  of  evanescent  wave  coupler  elements  with 
uniform  characteri sties,  suitable  for  the  assembly  of  multi-stage 
processor  systems,  and  has  resulted  in  the  derivation  of  a  novel 
fabricatical  topclcgy  for  recursive  lattice  structures,  pemr.itting 
assembly  of  superficially  asymmetric  structures  from  two  identical 
el ements . 

Detailed  measurements  of  component  parameters,  both  during  fabrication 
and  on  completion,  verify  the  analytical  design  approach,  confirming  that 
high-precision  polished  coupler  components  can  indeed  be  fabricated  to 
demanding  specifications,  both  as  single  elements  and  in  mul  ti-el emer t 
arrays.  Components  for  delivery  have  been  shown  to  conform  to  projected 
performance  targets  and  have  been  prepared  for  delivery  adjusted  to  the 
1  eve’s  of  optical  power  coupling  specified  for  the  various  applications 
describes  in  the  System  Design  Plan. 
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1. 


INTRODUCTION 


This  document  describes  the  resu'ts  of  tests  and  test  procedures  used 
to  characterise  the  4-port  optica'  coupler  si gnal -processing 
components  fabricated  as  part  of  Contract  No.  F30602-87-C-0015  Fibre 
Optic  Based  Signal  Processing,  c'd  carried  out  during  the  course  of 
Task  4. 1.3.1,  Component  Breadboc'd.  The  tests  were  specified  in  the 
Component  Test  Plan,  submitted  as  ELIN  A003. 


2.  GENERAL 

2.1  COMPONENT  SPECIFICATIONS 

The  Component  Design  Plan,  previously  submitted  as  ELIN  A002,  October 
1988,  outlines  target  design  parameters  for  5  classes  of  optical  fibre 
coupler,  appropriate  for  the  assembly  of  prototype  signal  procesors, 
and  forming  the  basis  of  the  Component  Breadboard  Phase,  Task  4, 1.3.1 
cf  the  S.O.W,  now  completed.  Pc'-tinent  details  of  these  follow  here. 


2.1.1  0.90  Coupler,  Monomode  Fibre 


Operating  Wavelength 
Fibre  type  : 

Core  index  : 

Cladding  Index  : 
r  ibre  bend  radi us  : 
Core  separation  : 

FI uid  R. I .  : 

Coupling  Ratio  : 
Insertion  Loss  : 


1.3  ijn 

Corning  SM-06S-P 
1.4514 
1.4469 
600  mm 
10.2 
1.446 
0.9 

<0.1  dB 


2.1.2  0.10  Coupler,  Monomode  Fibre 


Operating  Wavelength 
Fibre  type  : 

Core  index  : 

Cladding  Index  : 
Fibre  bend  radius  ; 
Core  separation  : 
Fluid  R.  I.  : 

Coupling  Ratio  : 
Insertion  Loss  : 


1.3  ,jn 

Corning  SM-06S-P 

1.4514 

1.4469 

600  mm 

13.3 
1.450 
0.1 

<0.1  d3 
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2.1.3  0.10  Coupler,  Pol arization-Viai ntai ning  Fibre 


Operating  Wavelength 
Fibre  type  : 

Core  index  ; 

Cladding  Index  ; 
Fibre  bend  radius  : 
Core  separation  : 
Fluid  R.I.  ; 

Coupling  Ratio  ; 
Insertion  Loss  : 


1.3  ^ 

York  HS1250 
1.4514 
1.4469 
600  mm 
13.2  ^ 
1.450 
0.1 

<0.1  dB 


2.1.4  0.025  Coupler,  Polarizatic^-Kaintairing  Fibre 


Operating  Wavelength 
Fibre  type  : 

Core  index  : 

Cladding  Index  ; 
Fibre  bend  radius  : 
Core  separation  ; 
Fluid  R.I.  : 

Coupling  Ratio  ; 
Insertion  Loss  ; 


1.3  ^ 

York  HB1250 
1.4514 
1.4469 
600  mm 
14.8  ^ 
1.450 
0.025 
<0.1  oB 


2.1.5  0.10  Switched  Coupler,  Lithium  Niobate 


Operating  Wavelength  : 
Material  ; 

Bias  voltage  : 
Switching  voltage  : 
Coupling  Ratio  : 
Extinction  : 

Insertion  loss  : 
Transition  time  : 
Dynamic  range  ; 


1.3  ^ 

Crystal  Technology,  X-cut,  Y-propagating 

<  40  V 

<  10  V 

0.10 

20  -  25  d3 

2.1  dB  (predicted  chip  loss) 

2  ns 

10  -  15  d3 


2.2  FABRICATICV  TESTS 


Certain  testing  procedures  are  intrinsic  to,  and  were  consequently 
carried  out  during,  the  actual  fabrication  process,  since  the  nature 
of  a  number  of  the  coupler  structures  to  be  fabricated  demanded 
in-process  definition  of  characteristics.  This  applied  particularly 
to  the  polished  half-coupler  elements,  where  the  depth  of  polishing 
determined  the  ultimate  coupling  range. 

2.3  COMPONENT  TESTS 

Following  component  assembly,  tests  were  performed  to  determine  the 
characteristics,  optical  and  electro-optic  as  appropriate,  of  the 
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assembled  components,  uuring  this  phase  of  testing,  the  parameters  of 
variable  components  were  adjusted  to  the  specified  values  for 
delivery,  to  the  extent  that  this  was  possible  in  isolaticr,  from  the 
particular  system  configuration. 

3.  TEST  PROCEDURES 

3.1  DEFINITIONS 

The  figure  illustrates  schematically  a  4-port  coupler,  rep'-esenti ng 
all  of  the  components  considered  here. 


1 

4 


The  following  definitions  are  adopted: 

Coupling  ^atio  :  P[3]/(P[2]+P[3] ) 

Splitting  Ratio:  P[3]/P[2] 

Excess  Loss  :  lO.log  •  (P[2]+®[3])/P[l] j 
Directivity  :  10. 1  og  •’P[4]/P[l ]  i 
Insertion  Loss  :  10.1  og  ;P[n]/P[l ] | 

where  F[n]  is  any  output  port. 

3.2  EQUIPMENT 

Key  items  of  equipment  specific  to  the  proposed  tests  were  itemised  in 
the  Component  Test  Plan  Report  ELIN  A003  submitted  previously  and  will 
not  be  described  further  here.  No  significant  deviations  from  this 
previously  specified  equipment  were  necessary. 

3.3  TEST  PROCEDURES 

Test  procedures  adopted  were  described  in  the  Component  Test  Plan 
Report  ELIN  A003  submitted  previously  and  will  not  be  described 
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further  here.  References  to  specific  Procedures  here  relate  directly 
to  the  indicated  Sections  of  that  Report. 

4.  TEST  SCHEDULE 

4.1  NOf^.ENCLATURE 

During  the  component  breadboard  phase,  a  multiplicity  of  component 
elements  was  fabricated.  For  convenience  these  are  identified  as 
fol lows : 

(a)  Half-coupler  elements  fabricated  in  polarization-maintaining 
fibre  for  assembly  of  components  for  ^'^trix  Multiplier  : 

MM 01  -  MM15. 

(d)  Half-coupler  arrays  (4  fib-es  per  array)  fabricated  in 

monomode  fibre  for  assembly  of  components  for  Coded  Sequence 
Generator  ;  CSGOl  -  CSG02. 

h3:  "hese  were  each  subsequently  separated  by  sawing  into 
sets  of  4  discrete  half-coupler  elements  linked  by  single 
fibre  lengths. 

(c)  Half-coupler  arrays  (4  active  fibres  plus  2  test  fibres  per 
array)  fabricated  in  monomode  fibre  for  assembly  of 
components  for  Band  Pass  Filter  :  BPFOl  -  3PF02. 

From  these  elements,  a  number  of  deliverable  Components  were 
assembled,  the  full  inventory  comprising: 

Pol arization-Maintaining  Fibre  Couplers: 


K  =  0.025 

PMFC-2.5 

0104 

K  =  0.10 

PMFC-10.0 

# 

0912 

PMFC-10.0 

# 

1415 
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Lithium  fJiobate  Switched  Coupler: 


K  =  0.1  LNSC-::.0  =  1398A 

Monomode  Fibre  Coupler  Array: 

K  =  0.9  FBPF-4.'5  #  0102 

~hese  identifiers  will  be  used  in  what  fo‘!'ows. 

-.2  ^ABRICATi:*,'  TESTS 
4.2.1  Si  V-Groove  Geometry 

.-groove  structures  manufactured  by  selective  etching  of  (100)  silicon 
were  examined  for  dimensional  accuracy  an:  defects  affecting, 
oarticul  arly ,  the  critical  central  polish-'-ig  region.  As  discussed 
extensively  in  the  P^onthly  Reports  on  the  -rogramme,  considerable 
difficulty  was  experienced  in  obtaining  acequate  precision  of  etched 
features  in  the  very  deep  structures  impl-cit  in  the  component  design, 
necessitating  the  introduction  of  certain  modi fications  to  the 
creviously  estabished  process. 

A. 2.2  Fibre  Azimuthal  Alignment  ^ Pol ariiation-Haintai ni ng  only) 

■Jsing  a  far-field  diffraction  technique  developed  in-house 
specifically  for  this  application,  the  or-'entation  of  the 
birefringence  axes  of  polarization-maintaining  fibre  can  be  set 
orecisely  by  lateral  observation.  This  test  was  applied  to  each 
half-coupler  unit  during  assembly,  prior  to  polishing.  Although 
cualitative  in  nature,  this  test  was  found  to  be  extremely  sensitive 
in  use,  permitting  reliable,  highly-accurete  alignment  leading  to  the 
fabrication  of  couplers  of  high  polarization  extinction. 
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.2.3  Half-Coupler  Lapping  Stop-Point 

"or  each  element  fabricated,  the  stop-point  of  the  half-coupler 
lapping  process  was  determined  using  measurements  of  the  core  ellipse 
(in  the  case  of  polarization-maintaining  half-couplers)  or  the  etched 
feature  observation  techniques  outlined  in  Section  3.3.2  of  ELIN  A003. 
Again,  while  largely  a  routine  process  step,  this  approach  provides 
the  basis  for  the  fabrication  of  quality  components.  However,  since 
the  object  of  the  lapping  process  is  speedy  removal  of  extraneous 
material  and  minimising  of  the  overall  polishing  time,  the  actual 
depth  of  lapping  is  relatively  unimportant  provided  sufficient 
material  remains  to  permit  polishing  to  the  required  distance  from  the 
core  and  removal  of  surface  damage. 

4.2.4  Half-Coupler  Polishing  Stop-Point 

"or  each  component  fabricated,  the  Stop-Point  of  the  half-coupler 
polishing  process  was  determined  using  the  "oil-drop"  technique 
outlined  in  Section  3.3.3  of  ELIN  A003.  Based  on  knowledge  of  the 
relative  indices  of  core  and  cladding,  mineral  oil  was  selected  as  the 
test  medium  in  preferencf^  to  the  more  coimmonly  used  liquid  paraffin,  on 
the  grounds  of  its  more  constant  composition  and  characteristics. 

Results  of  fiis  test,  presented  as  target  and  achieved  core-to-polished 
fare  separation  with  a  statistical  breakdown  of  the  latter,  are  presented 
in  Table  1.  Multiple  figures  for  achieved  polishing  depth  in  the  BPF  and 
CSG  elements  represent  data  from  the  4  active  fibres  in  the  respective 
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TABLE  1; 

POLISHING 

STOP  POINT 

Coupl er 

Distance  from  Axis 

[1 ement 

Type 

Target  ^  Achieved 

MM  01 

PMFC-2.5 

7.4 

7.0 

MM04 

PMFC-2.5 

7.4 

7.2 

MM09 

PMFC-10.0 

6.6 

6.6 

MM  12 

PMFC-10.0 

6.6 

6.5 

MM14 

PMFC-10.0 

6.6 

6.6 

MM  15 

PMFC-10.0 

6.C 

6.6 

PMEC-2.5 

;  Target  = 

7.4  ^J11,  Mean  =  7.1 

PMFC-10.0 

;  Target  = 

6.6  ijn.  Mean  =  6.6 

I>*T1 
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Coupler  distance  from  Axis 

E'ement  Type  Target  jn  Achieved  jn 


5?r01  FBPF-4.75  5.1  5.0,  5.6,  5.9,  5.1 

BPF02  FBPF-4.75  5.1  5.1,  5.1,  5.5,  5.1 

Mean  =  5.3  .jn.  Standard  Deviation  =  0.30  jn 

Coupler  Distance  f-om  Axis 

Element  Type  Target  ^jn  Achieved  ^ 


:SG04  FCSG-2.00  6.6  5.0,  6.4,  6.9,  5.3 

CS305  FCSG-2.C0  6.5  5.4,  5.6,  6.7,  5.4 

’•'ea""  =  5.8  .jn.  Standard  Deviation  =  0.42  jn 


4.2.5  Polished  Hi-Bi  Half-Coupler  Extinction 
4.E.5.1  ^--ior  to  -oiishing 

■'■'^e  extinction  of  selected  half-coupler  elements  fabricated  ir 
polarization-maintaining  fibre  was  determined  prior  to  polishing, 
.sing  the  technique  outlined  in  Section  3.3.5  of  ELIN  A003.  Results 
cf  this  test,  determined  for  polarization  parallel  and  perpendicular 
to  the  fibre  birefringence  axis  respectively,  are  presented  in 
Table  P. 


TABLE  2:  HALF-COUPLER  EXTI^jCTION  RATIO  (Prior  to  polishing) 

Coupler  Extinction  dB 

Element  Type  Parallel  Perpendicular 


W-iOA 

PMFC-2.5 

31 

28 

PMFC-IO.O 

34 

30 

MV,  12 

PMFC-IO.O 

26 

28 
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2. 5. 2  Post-Polishing 


'he  extinction  of  selected  half-coupler  elerents  fabricated  in 
polarization  maintaining  fibre  was  determined  subsequent  to  polishing, 
using  the  technique  outlined  in  Section  3.3.5  of  ELIN  A003.  Results 
are  tabulated  in  Table  3,  together  with  the  '•esult  of  a  comparable 
determi nation  on  a  single  fibre  length. 


Table  3: 

HALF-COUPLER 

EXTINCTION 

RATIO  (Post  polishing) 

Coupl er 

Extinction  dB 

El  ement 

Type 

Paral  lei 

Perpendicul  ar 

‘■“••01 

PKFC-2.5 

25 

30 

v:-i04 

Py.FC-10,0 

28 

30 

Fibre 

31 

28 

4.2.6 

L  i  thi  ur.  K'iobate 

Coupl ing 

Ratio  (Chip  Stage) 

As  part  of  the  initial  chip  selection  process,  the  static  coupling 
ratio  of  all  device  chips  was  determined  in  accordance  with  the 
s^ocedure  outlined  in  section  3.3.6  of  ELIh'  A003.  Evaluation  of  the 
static  coupling  ratio  as  a  function  of  coupler  gap  showed  that  devices 
with  gaps  between  5  um  and  8  urn  had  coupling  in  the  required  range  of 
between  one  and  three  coupling  lengths.  2'evices  with  coupler  gaps 
around  6  um  had  optimum  coupling  for  switch  operation.  These  results 
were  confirmed  by  electro-optic  operation  of  a  number  of  chips,  the 
best  of  which  were  selected  for  further  processing. 

i.2.7  Lithium  Niobate  Insertion  Loss  (Chip  Stage) 

The  insertion  loss  associated  with  individual  switch  elements  was 
assessed  at  the  chip-level  prior  to  committing  devices  to  further 
processing,  as  detailed  in  Section  3. 3. 4. 2.1  of  ELIN  A003.  Insertion 
losses  for  the  intended  TE  mode  and  the  suppressed  TM  mode  observed  in 
two  chips  selected  for  further  processing  to  finished  devices  are 
1 i sted  in  Tab! e  4. 
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TABLE  4;  LITHIl'^‘  MIOBATE  INSERTION  LOSS  (Chip  Stage) 


A1 1  val ues  +/-C.5  d3 


Device  TE  y.cce  TM  Mode 
dB  dB 


=1398A  3.7  22.3 

=1398B  3.7  22.4 


The  losses  of  tne  suppressed  TM  mode  indicate  a  polarization 
extinction  ratio  attributable  to  the  integral  metal  film  polarizers  of 
18.6+/-1  dB. 

4.3  COMPONENT  TESTS 

4.3.1  Coupling  Patio  (Polished  Couplers) 

The  lateral  tuning  characteristics  of  mated  half-coupler  assemblies 
were  examined  for  conformity  with  design  predictions.  I'  the 
particular  case  of  the  couplers  destined  for  the  Band-Pass  Filter  and 
Coded-Sequence  Generator  applications,  the  monolithic  and,  in  the 
latter  case,  rec-rsive  nature  of  the  assembly  prevented  direct 
characterisation  of  each  individual  coupler  except  under  pulse 
excitation  at  a  frequency  sufficiently  high  to  permit  resolution  of 
the  impulse  response  of  the  fully  integrated  assembly.  Additional 
test  coupler  ele"ents,  fibred  non-recursively  and  independently  of  the 
integrated  structure,  are  therefore  provided  in  the  Si  V-groove  units, 
specifically  for  this  purpose. 

Using  the  designated  laser  diode  and  detector  system,  completed 
polished  coupler  assemblies  were  assessed  for  Coupling  Ratio  in 
accordance  with  the  procedure  outlined  in  Section  3.3.6  of  ELIN  A003. 
Characterised  co'ponents  have  been  prepared  for  delivery  pre-adjusted 
to  the  specified  level  of  coupling.  In  addition,  for  each  assembly, 
core-polished  face  data  have  been  derived  from  the  results  of  the 
"oil -drop  test",  for  comparison  with  target  figures. 
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‘4.  3. 1.1  Konomode  Fibre  Couple-s 


In  order  to  obtain  sufficient  -echanical  ti-'.ing  latitude,  the  nominal 
10^  couplers  were  designed  as  29?  maximum  coupling  devices  while  the 
90c  couplers  were  designed  as  overtuned  devices  with  maximum  coupling 
ratios  of  100'.  Table  5  sumra-ises  the  results  of  this  assessment. 

TABLE  5:  COUPLING  RATIO  -  MQ«.jK0DE  FIBRE  COUPLERS 

(a)  Band  Pass  Filter  (assessed  on  assembled  integrated  array  via 
"test  fibres") 

Coupler  Serial  Max  Coupled  Power  K 

Type  No.  Chan-.  2  Chann  3  Design  Measured 

FBPF-4.75  0102  .28  3.09  0.9  0.92 

(P)  Coded  Sequence  Generator  (quantitative  assessment  awaiting 
system  integration) 

4.  3.  1.2  Pol arization-Maintai'ing  Couplers 

In  order  to  obtain  sufficient  mechanical  tuning  latitude,  the  nominal 
2,5'  and  lOT  couplers  were  designed  with  maximum  coupling  ratios  of 
twice  these  figures,  i.e.  5T  and  20T  respectively.  Tunable  couplers 
were  assembled  from  the  follc«ing  combinations  of  half-coupler 
elements,  the  core-to-core  separation  being  the  sum  of  the 
experimentally  determined  core- to-pol  i shed  surface  distances  for  the 
two  components,  as  indicated  'n  Table  6. 


table  6;  FABRICATION  PARAMEERS  -  POLARIZATION-MAINTAINING  COUPLERS 

Coupler  Serial  K  Core-Core  Sepn. 

Type  No.  Design  Design  Actual 


PMFC-2. 5 

MM0104 

.C25 

14.8 

14.2 

PMFC-IO.O 

MM0912 

.1C 

13.2 

13.1 

PMFC-IO.O 

MM1415 

.1C 

13.2 

13.2 
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i.3.2  C0Lip1~'''ig  Patio  (Lithium  Niobate) 

..'•'ng  the  des'g'^ated  laser  diode  and  dete:tar  system,  the  coupling 
te'pviour  of  t^e  completed  lithium  niobate  switched  coupler  was  assessed 
cs  defined  in  Paragraph  3.3.7  of  ELIN  A0C3. 


"''cure 

1  plots  the 

response  of  device  13954 

to  dc  drive,  showing  optical 

p :  *<er 

emerging  from 

the  two  output  ports  as 

a  function  of  applied  volts. 

'sole 

■'  summarises 

c_tput  power  levels,  for 

constant  arbitrary  input 

cc^er, 

at  a  limited 

set  of  critical  cond'.t' 

:ns,  namely  maxima  and  minima 

O'  the 

response  plots,  defining  key  drive  : 

arameters . 

-::^r 

7;  .I'hlOM  N 

IC5ATE  COUPLER  DRIVE  P-; 

i-ETERS 

»  ^  .  V  tr 

Channel  2 

Oyn  Range  Channel  3 

Dvn  Range 

dBm 

dB  dBm 

dB 

- ! ' .  5 

-49. C 

31 

-9.4 

-35.9 

18  -17.9 

■1 

-17.9 

-35.5 

-9.4 

-45.0 

27  -18.4 

-20.5 

-17.9 

-36.2 

18 

/  U«J|  ^  ^  •  ■J 

-'om  this  plot  and  table,  the  optimum  ope-ating  point  for  achieving 
fe  required  0  -  10'  coupling  switching  is  identified  as  a  bias  of 
-?.4  V,  providing  a  dynamic  range  of  27  dB  for  full  switching  range, 
w'th  a  superimposed  switching  drive  of  */-2  V.  For  10?  switching, 
available  dynamic  range  is  reduced  by  10  dS,  to  17  dB. 

i,3.3  Insertion  Loss  (All  Components) 

d.3.3.1  f’olished  CCwpler  Insertion  Loss 

■'e  insertion  loss  assembled  polished  ccuple'  assemblies  of  both 
“onomode  and  pol  ari  zation-maintaining  types  was  determined  using  the 
technique  outlined  in  Section  3. 3. 4.1  of  BLIN  A003. 


E-13 


4. 3. 3. 1.1  Mononode  Fibre  Couplers 


Insertion  loss  of  monomode  fibre  couplers  was  found  to  be  below  the  limit 
of  characterisation  and  is  therefore  estimated  to  be  better  than  -30  dB. 

-.3. 3. 1.2  Polarization-Maintaining  Couplers 

Insertion  loss  cf  pol  arization-maintaining  fibre  couplers  was  found  to 
be  be'ow  the  limit  of  characterisation  and  is  therefore  estimated  to 
oe  better  than  -33  dB . 

■^.3.3.2  Lithiu-  N'iobate  Switched  Coupler  Insertion  Loss 

’he  insertion  'oss  of  assembled  lithium  niobate  switch  1398A  was 
'ieter-'ined  using  the  technique  outlined  in  Section  3. 3. A. 2. 2  of  ElIN 
-03?.  'he  following  figures  were  obtained  (input  on  Channel  1): 

Channel  2  :  -11.5  +/-  1.0  dS 
Channel  3  :  -10.0  +/-  1.0  dB 

d.3.A  Extinction  Ratio  ( Pol arizati on-Mai ntai ni ng  Components  Only) 
i.  3. I  ^ol i shed  Coupl ers 

Extinction  ratio  of  the  assembled  polished  polarization-maintaining 
coupler  assemblies  was  determined  using  the  techniques  outlined  in 
Section  3.3.5  of  ELIN  A003.  Results  are  sutmarised  in  Table  8. 

'ABLE  8:  EX'^IKCTION  RATIO  -  POLARIZATION-MAINTAINING  CO’JPLERS 

Coupler  Serial  Extinction  dB 

'ype  No.  Channel  2  Channel  3 

PMFC-2.5  ‘^-10104  25.82  22.24 

PMFC-’O.O  MM0912  21.33  22.04 

'MFC-10.0  MM1415  25.91  24.37 
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4. 3. 4. 2  Lithium  ^iobate  S*-itcnecl  Coupler 


The  extinction  ratio  of  the  assembled  lithium  r.iobate  switched  cc-ple'" 
was  determined  using  the  techniques  outlined  in  Section  3.3.5  of  ELIN 
A003.  Results  are  tabulated  in  Table  9,  which  shows  extinction  ratio  for 
the  two  output  ports  as  a  function  of  three  levels  of  drive  voltage. 

■  A3 L E  9 ;  RQLARIZA^ION  EXTINCTION  QF  LrHI'JM  NIOBA-^E  SWITCHED  COLLIER 
Output  Port  2 


Dri  ve 

Transmi  ssior. 

E<ti notion  Ratio 

V 

d3 

d3 

0.00 

0 

23.0 

7.11 

-9.1 

22.3 

9.08 

-13.8 

15.3 

:..tcut 

Port  3 

Or  i  ve 

"ransmi ssi on 

Extinction  Ratio 

V 

d3 

d3 

9.08 

3 

15.4 

1.87 

-9.1 

15.4 

0.00 

-17.7 

15.5 

4.3.5  Switching  Response  Time  (Lithium  Siobate  only) 

The  electro-optic  rise-time  of  assembled  lithium  niobate  switched  coupler 
1398A  was  investigated  using  the  technique  outlined  in  Section  3.3.8  of 
ELIN  A003. 

Figure  2  shows  the  mean  coupled  optical  power  emerging  from  the  output 
port  of  the  coupler  when  driven  with  a  levelled  28  dBm  RF  signal 
(Vrms  =  5.6  V),  plotted  as  a  function  of  frequency  over  the  range 
0.3  -  2.1  GHz.  Insertion  of  a  reference  level  is  difficult,  due  to 
the  ripple  observed  in  the  response.  Averaging  by  eye  a  low  frequency 
reference  level  of  the  order  of  -28  dBm,  and  ignoring  the  pronounced 
resonance  at  around  0.8  GHz,  the  output  power  is  seen  to  have  fallen 
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by  a  furthe'-  3  dB  at  a  frequency  of  aro,'d  1.2  GHz,  indicating  a  respon 
time  of  0.2?  ns. 

6.  C0NCLL'S::>i$ 

'he  foregoing  results  show  that  the  fab'-'cated  components  are  in  genera 
conformity  *itn  original  design  predict’cns,  particularly  with  respect 
the  somewhat  demanding  mechanical  toler-'-ces  involved  in  polishing 
half-coupler  assemblies  to  specified  dertns.  The  major  discrepancy 
between  design  and  fabrication  paramett’';  arises  in  the  case  of  the 
monolithic  assemblies  for  the  Coded  Seg.ance  Generator  and  Band  Pass 
riltem.  Due  to  limitations  in  the  substrate  polishing  process, 

1  arge- -'adi us  convex  curvature  of  the  polished  face  was  experienced,  a 
difficulty  anticipated  in  the  design  phase  of  both  components. 

1"  t^e  "and  -ass  Filter,  the  four  active  fibres  •>ere  positioned  in 
closely  spaced  pairs  disposed  symmetricr' \v  about  the  substrate  major 
axis  in  order  to  equalise  the  effects  c*  this  on  polishing  depth  as 
far  as  possible.  Hcwever,  the  two  addif'mal  fibres,  provided  to 
:6'--'’t  sim.p'e  monitoring  of  the  complex  recirculating  structure  and 
.utilised  extensively  as  polishing  monitors  via  the  oil-drop  assessment, 
-e^e  conseq-ently  situated  closer  to  t'e  substrate  axis,  at  locations 
Cxpe'-iencing  different  polishing  condif';ns.  l^clishing  was  stopped  at 
the  design  depth  as  'ndicated  by  these  fibres,  thereby  ensuring  that  th 
cute'"  pairs  of  active  fibres  were  polis'ed  slightly  closer  to  the  core, 
maintaining  the  over-coupling  situation  necessary  to  ensure  the 
accessibility  of  the  complete  .mechanice'  tuning  range. 

In  the  Coded  Sequence  Generator,  hcweve'",  this  option  was  not 
available,  due  to  the  need  to  saw  the  s^tstrate  into  its  constituent 
chips  after  tne  polishing  process,  re^j-ting  in  the  significantly 
nipher  standard  deviation  exhibited  by  t'e  polishing  depth  data  for 
this  ccmpcnent.  In  operation,  this  disadvantage  will  be  adequately 
offset  by  t'n.e  ability  to  tune  each  component  individually. 
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‘I'he  only  other  significant  discrepancy  between  compc'ent  design  and 
fabrication  parameters  occurs  in  the  lithium  niobate  chip  insertion 
loss,  with  best-case  p-edicted  and  experimentally  observed  figures  of 
?.l  and  5.7  dB  respectively.  This  is  attributed,  at  least  in  part,  to 
the  presence  of  metallic  polarizers  over  the  waveguices,  a  feature  not 
included  in  the  original  theoretical  estimate. 


P  J  Duth-'e 
0  C  J  Reid 
C  J  Groves-Ki ''kby 
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Plessey  Research  Caswell  Limited, 

^Al'en  Clark  Research  Centre, 

Caswell,  "owcester,  fCorthants,  NM2  BEQ,  UK 
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Lithium  Niobate  Switched  Coupler  No.  1398A 
DC  Response  and  Operating  Point 
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TransmtUed  Power  (dBm) 


Frec-exy  (GHz) 


Figure  2  Lithium  Niobate  Switched  Coupler  No.  1398A 
Frequency  Response  (0.2  -  2.2GHz) 
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SUMMARY 


A  quasi -mono! i thic .  splice-free  4-stace  optical  fibre  coded  sequence 
generator  has  been  designed,  constructed  and  tested.  The  breadboard 
system  permits  gene'^ation  of  reconfi gurabl e  4-bit  pulse  seque'ces, 
with  pulse  repetition  rate  of  2  GHz,  i.e.  SCO  ps  interval  wifin  the 
pulses  in  the  output  train.  The  programme  has  confirmed  the 
feasibility  of  the  rr^nufacture  of  monolithic  arrays  of  evanesaent  wave 
coupler  elements  in  a  single  length  of  fibre  with  uniform  co.tling 
characteristics  and  repeatable  coupler  separation,  suitable  f;r  the 
assembly  of  splice-free  multi-stage  optical  signal  processing  systems. 

Detailed  measurement  of  coupler  parameters,  both  during  fabriaation 
and  on  completion,  verifies  the  analytical  design  approach,  canfirming 
*hat  high  precision  couplers  can  be  fabricated  to  demanding 
, peci f i cat i ons  in  multi-element  arrays  configured  on  a  single  fibre 
'•^ngth.  The  breadboard  system  has  been  shov.n  to  conform  to  p'ojected 
performance  targets,  and  has  been  prepared  for  delivery  adjusted  to 
the  specified  level  of  optical  power  coupling  detailed  in  the  System 
Design  Plan  (submitted  as  CLIN  A004  in  October  1988). 


1.  INTRODUCTION 

This  document  describes  the  results  of  t“sts  used  to  characte'ise  the 
brea^‘;:ard  Coded  Sequence  Generator,  fabricated  as  part  of  Cc'tract 
No.  F30602-87-C-0015,  Fibre  Optic  Based  Signal  Processing,  arc  carried 
out  during  the  course  of  Tasks  4.1.3  and  4.1.5,  Component  Breadboard 
and  Processor  Breadboard,  respectively.  The  evaluation  process  is 
outlined  in  the  System  Design  Plan,  Section  3.2.3,  submitted  as  CLIN 
A00C4.  This  document  comprises  part  of  CLIN  Item  A0005 


2.  GENERAL 

This  System  Test  Plan  Report  describes  the  results  of  tests  carried 
out  on  the  breadboard  Coded  Sequence  Generator  assembled  d'/ri^g  the 
course  of  the  System  Breadboard  phase.  Task  4.1.5,  together  with 
results  of  certain  component  tests  which,  by  virtue  of  the  nature  of  the 
selected  mode  of  construction  of  the  System,  could  not  be  per'^ormed  until 
this  phase  but  which  are  formally  associated  with  the  Component 
Breadboard  activity  of  Task  4. 1.3.1. 

Application  of  fibre  optic  delay  line  technology  to  coded  sec.ence 
aeneration  was  studied  in  Tasks  4.1.1  Theoretical  Performance 
Assessment,  4.1.2  Realisable  Performance  Assessment  and  4.1. A 
-rocessor  Design,  conclusions  f’"om  these  studies  being  collated  in  the 
System  Design  Plan,  CLIN  A004  of  October  1968.  To  summarise,  use  of 
fibre  optic  delay  lines  for  coded  sequence  generation  is  si'c’e  in 
principle,  any  weighted  tapped  configuration  being  generally 
applicable.  Following  a  comparative  assessment  of  three  canc'date 
archi tectures ,  namely  the  simple  tapped  delay  line,  the  recirculating 
lattice  and  the  non-recirculating  lattice,  the  latter  option  was 
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identified  as  the  preferred  structure  since  in  this  arrangement  the 
optical  output  appears  on  a  single  fibre  with  nc  second-pass 
i nterference . 

In  order  to  eliminate  lossy  splices  within  the  multi-stage  syste", 
quasi-monol i thic  fabrication  of  appropriately  spaced  sets  of  four  half 
coupler  elements  on  single  fibre  lengths  was  undertaken  and  the 
feasibility  of  this  mode  of  fabrication  was  demonstrated  successfully. 


2.1  SYSTEM  SPECIFICATIONS 

As  a  result  of  the  initial  theroetical  assessments,  tne  following 
specification  for  a  breadboard  Ceded  Sequence  Generator  was  defined: 

A-bit  code 

Complete  programmability 
2  Gbi t/sec  pulse  rate 

This  specification  defines  a  requirement  for  a  third  order 
non-recirculating  lattice,  with  the  individual  couplers  having  a 
maAimum  permissible  coupling  coefficient  of  0,1  (10?)  to  give  a  pulse 
uniformity  of  +/-  10  dB.  The  configuration  proposed,  and  discussed  in 
the  System  Design  Plan,  employs  four  mechanically  tunable  evanescent 
wave  couplers,  permitting  implementation  of  the  required 
programmability.  At  1.3  ^in  wavelength  and  assuming  the  use  of 
standard  silica  fibre,  the  required  loop  length  difference  between 
adjacent  couplers  is  103.6  mm,  equivalent  to  a  pulse  code  rate  of 
2  Gbit/sec. 

The  Component  Design  Plan,  previously  submitted  as  CLIN  AOOl,  October 
1988,  outlines  design  parameters  for  suitable  optical  fibre  couplers, 
details  of  which  are  summarised  here. 


0.10  Coupler,  Monomode  Fibre 


Operating  Wavelength 
Fibre  type  : 

Core  index  : 

Cladding  Index  : 
Fibre  bend  radius  : 
Core  separation  ; 
Fluid  R.I.  : 
Coupling  Ratio  : 
Insertion  Loss  : 


1.3  i^m 

Corning  SM-06S-P 
1.4522 
1.4469 
600  mm 

13.3  ^im 
1.450 
0.1 

<0-1  dB 


2.2  COMPONENT  TESTS 

As  noted  above,  results  of  certain  component  tests  are  reported  here 
since  the  quasi-monol i thic  nature  of  the  adopted  structure  precluded 
direct  measurement  of  certain  characteristics  of  individual  couplers 
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2.3  SYSTEM  TESTS 


A  ser-’es  of  tests  was  carried  out  to  determine  the  characteristics  of 
the  ccnpleted  assembled  system.  During  this  phase  of  testing,  the 
parameters  of  variable  components  wer-e  adjusted  to  the  specified 
values  for  delivery. 


3.  TEST  PROCEDURES 

3.1  TEFINITIONS 

Figure  3.1  illustrates  schematically  a  4-port  coupler,  representing 
the  components  of  the  system  considered  here. 


1 


2 

3 


The  following  definitions  are  adopted: 

Coupling  Ratio  :  P[3}/(P[2]+P[3] ) 

Splitting  Ratio:  P[3]/P[2] 

Excess  Loss  :  10.1og|P[2]+P[3]/P[l] ; 

Directivity  :  10.1og^P[4]/P[l] j 
Insertion  Loss  :  lO.log <P[n]/P[l] | 

where  ?[n]  is  the  optical  power  appearing  at  output  port  n. 


3.2  EQUIPMENT 

Key  items  of  equipment  specific  to  the  tests  are  itemised  here.  In 
addition,  a  number  of  more  general  laboratory  instruments,  for  example 
d.c.  power  supplies,  oscilloscopes,  graphical  recorders  etc.  were 
emplcyed  as  the  nature  of  the  tests  dictated. 


3.2.1  Laser  Diode  Sources  (1.3  urn) 

Both  Z'ri  and  pulsed  laser  sources  employed  were  Flessey  Fabry-Perot 
cavity  devices,  equipped  with  monomode  fibre  pigtail,  with  a  nominal 
emission  wavelength  of  1.3  and  0  dBm  output. 


3.2.2  Optical  Detector  (CW) 

Assessment  of  insertion  loss  (essentially  CW  measurement)  was 
performed  using  a  Plessey  III-V  semiconductor  detector  equipped  with  a 
mono.-cde  fibre  pigtail. 
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3.2.3  Optical  Detector  (High  Speed) 


Optical  detector  fc'  high  speed  reasurerents  was  a  Plessey  PIN 
photodiode,  couplet  directly  to  the  detection  oscilloscope  system. 


3.2.4  Pulse  Signal  Source 

Pulse  signals  for  system  testing  were  provided  by  a  Signal  Generator, 
Rohde  and  Schwartz  "ype  302.4012,  in  conjunction  with  a  Pattern 
Generator,  Anritsu  "ype  MG624A,  driving  the  laser  source  directly. 


3.2.5  High  Speed  Cscilloscope 

High  speed  measure'^nts  of  system  output  pulse  train  waveforms  was 
performed  using  a  "ektronix  Sampling  Oscilloscope,  Type  785A,  equipped 
with  Type  7S12  sam-'ing  unit. 


3.3  TEST  PROCEDURES 
3.3.1  Coupling  Ref  3 

The  Coupling  coefficient,  defined  in  Section  3.1,  is  determined  by 
measurement  of  the  optical  power  at  output  ports  2  and  3  when  input 
port  1  is  excited. 


3.3.2  Insertion  Less 

Insertion  Loss  of  components  is  quantified  in  accordance  with  the 
definition  given  ir  Paragraph  3.1. 

In  order  to  prevent  the  loss  of  fibre  pigtail  implicit  in  "cut-back" 
techniques,  the  excess  loss  of  components  fabricated  on  optical  fibre 
was  quantified  by  comparison  of  the  optical  propagation  of  the 
component  under  investigation  with  the  propagation  of  an  equal  length 
of  identical  fibre. 

System  insertion  less  was  quantified  by  direct  substitution  within  a 
functioning  high  speed  link. 


3.3.3  Coded  Sequer.oe  Generator  Characterisation 

Detailed  characterisation  of  the  assembled  Coded  Sequence  Generator 
was  based  principally  on  observation  of  output  pulse  train  waveforms 
observed  using  the  specified  source  and  receiver.  Basic  data  for 
numerical  assessment  was  provided  by  photographs  of  oscilloscope 
traces  of  these  output  waveforms,  subsequent  quantification  being  via 
direct  measurement  cf  trace  dimensions  and  application  of  equipment 
calibration  factors. 
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4. 


TEST  SCHEDULE 


4.1  COMPONENT  TESTS 

4.1.1  Coupling  Ratio 

The  lateral  tuning  characteristics  of  mated  half-coupler  assemblies 
was  examined  for  conformity  with  design  predictions.  In  each  case,  it 
was  possible  to  achieve  the  design  value  of  0.1  (10%)  coupling  using 
the  mechanical  tuning  facility. 

Using  the  designated  laser  diode  and  detector  system,  completed 
polished  coupler  assemblies  were  assessed  for  Coupling  Ratio  in 
accordance  with  the  procedure  outlined  in  Section  3.3.1. 

Characceri sed  components  were  prepared  for  system  commissioning 
pre-adjusted  to  the  specified  10%  level  of  coupling. 


4.1.2  Insertion  Loss 

The  insertion  loss  of  assembled  polished  coupler  assemblies  was 
determined  using  the  technique  cjtlined  in  Section  3.3.2.  Since  the 
asemblips  unde'-  test  comprised  four  couplers  fabricated 
quasi-monolithica ily,  it  was  only  possible  to  assess  insertion  loss  of 
the  complete  assembly.  Under  these  conditions,  the  insertion  loss  was 
found  to  be  below  the  limit  of  characterisation,  and  was  thus 
estimated  to  be  better  than  C.OC-  dB. 


4.2  SYSTEM  TESTS 
4.3.1  Test  Assembly 

'^igure  1  s'^cws  schematical ly  the  test  assembly  utilised  for 
characterisation  of  the  breadboard  Coded  Sequence  Generator.  In  use, 
the  system  was  adjusted  to  deliver  pulses  100  ps  wide  (FWHM),  this 
width  being  used  exclusively  in  the  testing  reported  here.  Equipment 
specifications  have  been  noted  in  Section  3.2,  above.  Hard-copy 
records  of  output  pulse  train  waveforms  were  obtained  by  photographing 
osci 1 lopscope  displays;  these  records  were  utilised  as  the  data  source 
for  the  system  characterisation  tests  reported  in  the  following 
secti ons . 


4.3.2  Insertion  Loss 

System  insertion  loss,  quantified  by  measuring  link  output  pulse 
intensity  with  the  system  inserted  and  removed  from  the  functioning 
test  link  as  specified,  was  determined  to  be  0.85  dB.  This  represents 
the  losses  arising  in  4  tuned  co.:plers  together  with  two  FC/PC 
connectors. 
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4.3.3  Code  Generation  and  Tunability 


Figure  2  shows  photographs  of  selected  oscillcsrcpe  traces  of  output 
waveforms,  demonstrating  the  inherent  tunabilit,.  of  the  pulse  train. 
All  of  the  16  possible  4-bit  waveforms,  from  nil  to  the  trivial  0000, 
were  capable  of  generation,  not  all  being  show'  here. 


4.3.4  Pulse  Width 

Pulse  width  can  be  readily  quantified  from  the  r'otographs  of 
Figure  2.  Statistical  data  for  full  width  at  ha; f-maximum  {-WHM), 
extracted  from  the  photographic  records,  are  ta:-lated  in  Table  1: 


TABLE  1:  PULSE  WIDTH  CHARACTERISTICS 


Bit  Samples  Mean  (ps) 


St-nda'i  Deviation  (ps) 


Bitl 

7 

113.9 

0.36 

Bit2 

6 

111.8 

0.56 

Bit3 

6 

117.1 

C.16 

Bit4 

7 

118.4 

0.31 

Overall 

26 

115.4 

0.45 

Within  the  limits  of  accuracy  of  the  determi nat' c.n,  no  significant 
difference  in  pulse  width  occurs  across  the  pu’se  train;  all  output 
pulses,  however,  exhibit  consistent  broadening  the  order  of  15  ps 
over  the  100  ps  input  pulse  width.  This  broadening  is  directly 
attributable  to  the  fibre  components  of  the  system  and,  in  particular, 
implies  a  coupling  region  interaction  length  of  tne  order  of  3  mm,  a 
dimension  consistent  with  the  known  coupler  gecmetry. 


4.3.5  Dynamic  Range 

Dynamic  range  of  the  output  pulse  train  was  estimated  from 
oscilloscope  photographs.  In  the  worst  case  observed,  detected  pulses 
of  10  nV  were  associated  with  a  noise  signal  o'  the  order  of  0.5  nV 
peak  to  peak  amplitude,  equivalent  to  a  dynamic  range  in  excess  of 
13  dB.  As  readily  seen  from  the  sample  pulse  trains  shown  in 
Figure  2,  output  pulse  quality  is  generally  significantly  better  than 
this.  Note  that  much  of  the  lower  amplitude  s'g'al  structure  was 
present  on  the  input  pulse,  replicating  di  reefy  into  the  output  pulse 
trai n. 
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4.3.6  Inter-Pulse  Interval 


Determinations  of  the  intrinsic  inter-pulse  interval  provided  by  the 
system  were  made  from  oscilloscope  photographs  of  a  wide  variety  of 
output  waveforms.  The  results  derived  frc”  this  data  are  summarised 
in  Table  2,  indicating  excellent  agreement  with  the  desig"  target  of 
500  ps. 


TABLE  2;  INTER-PULSE  INTERVAL 


Interval  Samples  Mean  (ps) 


Standard  Deviaticr.  (ps) 


Bitl-Bit2  7 

502.5 

0.25 

Bit2-Bit3  8 

507.8 

0.13 

Bit3-Bit4  7 

500.0 

0.23 

Overall  22 

503.5 

0.35 

4.3.7  Pulse 

Height  Uniformity 

it  was  initially  planned  to  quantify  pulse  height  uniformity  by 
setting  individual  couplers  to  identical  10%  coupling,  with 
measurement  of  the  corresponding  output  pulse  heights.  This  approach 
proved  impracticable,  since  mechanical  hysteresis  in  the  coupler 
tuning  units  prevented  absolute  calibration  of  coupling  strength 
against  tuner  scale  reading,  a  pre-requisite  for  this  mode  of 
determination.  Operationally,  it  is  preferable,  anyway,  to  set  the 
output  pulse  uniformity  by  direct  reference  to  the  generated  waveform. 
The  validity  of  this  approach  for  setting  uniform  pulse  trains  can  be 
seen  from  the  figures;  mechanically  adjusted  uniformity  better  than 
3%  (0.13  d3  deviation),  is  readily  achieved. 


5.  CONCLUSIONS 

The  foregoing  results  show  that  the  performance  of  the  assembled 
breadboard  Coded  Sequence  Generator  is  in  excellent  agreement  with 
design  requirements,  further  demonstrating  the  viability  of  the 
annlytical  design  approach  to  coupler  system  parameter  definition. 

The  quasi -monol  i  thic  construction  approach  adopted  in  this  case 
represents  a  new  departure  for  multiple  coupler  assemblies,  permitting 
manufacture  of  multiple  individual  coupler  elements  on  a  single  fibre 
length  at  separations  considerably  less  than  the  mechanical  dimensions 
of  an  individual  mechanical  assembly.  Although  an  output  pulse 
repetition  rate  of  2  GHz  has  been  demonstrated  here,  based  on  an 
incremental  fibre  delay  length  of  103  mm,  this  dimension  is  obviously 
capable  of  significant  further  reduction;  given  current  technology,  it 
appears  perfectly  feasible  to  reduce  the  incremental  delay  by  a  factor 
of  10,  to  order  10  mm,  giving  an  output  pulse  repetition  rate  of 
20  GHz. 
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Figure  1.  Coded  Sequence  Generator  Test  Arrangement 
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1.  INTRODUCTION 


The  Plessey  Optical  Fibre  Coded  Sequence  Generator,  Type  CSG, 
comprises  a  quasi-monol ithic,  splice-free  4-stage  optical  fibre 
system,  packaged  in  a  robust  enclosure.  The  system  is  interfaced  to 
the  outside  world  via  four  FC/PC  bulkhead  connectors;  in  addition, 
four  FC/PC-to-biconic  jump-lead  adapters  are  provided  to  permit 
interfacing  to  optical  fibre  links  configured  with  biconic  couplers. 

The  system  is  designed  to  operate  at  an  optical  wavelength  of  1.3  urn 
and  is  configured  to  permit  the  generation  of  reconfigurable  4-bit 
pulse  sequences,  with  a  fixed  pulse  repetition  rate  of  2  GHz  defined 
by  the  internal  optical  fibre  delay  line  loops.  The  output  pulse 
pattern  is  readily  re-defined  by  manual  adjustment  of  the  mechanical 
tuning  controls,  as  described  more  fully  below. 

2.  PRINCIPLES  OF  OPERATION 


The  accompanying  Figures  outline  the  internal  fibre  delay  line  loop 
structure,  indicating  the  principles  of  operation  of  the  system.  The 
structure  comprises  a  pair  of  monomode  fibres,  coupled  at  regular 
intervals  by  evanescent-wave  fibre  couplers  permitting  optical  power 
to  transfer  synchronously  from  one  fibre  to  the  other.  The  present 
system  incorporates  four  couplers,  defining  three  fibre  stages, 
permitting  the  generation  of  a  4-bit  code  pattern  from  a  single  input 
pulse  of  appropriate  parameters.  By  implementing  the  couplers  in  a 
mechanically  tunable  technology,  manual  reconfiguration  of  the  output 
pulse  train  becomes  possible.  The  further  refinement  of  manufacturing 
the  coupler  arrays  on  single  fibre  lengths  eliminates  the  need  for 
inter-stage  splices,  considerably  reducing  optical  attenuation. 

As  indicated  in  the  Figure,  pairs  of  adjacent  couplers  are  separated 
by  two  optical  fibres  of  differing  lengths,  with  the  length  difference 
defining  a  relative  optical  propagation  delay.  The  magnitude  of  this 
delay  represents  the  inter-pulse  interval  of  the  resultant  output 
coded  bit  stream,  defined  to  be  500  ps  in  the  present  case  and  is 
incapable  of  alteration  in  the  present  design. 
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The  relationship  between  the  system  components  and  individual  bits  cf 
the  pulse  train  is  indicated  schematically,  the  tir-e  axis  being 
defined  conventionally  w^th  time  progressing  to  the  right. 

3.  SYSTEM  INSTALLATION 

3.1  GENERAL 

The  Plessey  Coded  Sequence  Generator  System  Type  CSG  comprises  a 
sealed  breadboard  assembly  comtaining  4  manually  adjustable 
mechanically  tuned  evanescent-wave  fibre  couplers  interconnected  with 
fixed  fibre  delay  loops.  iTie  system  is  contained  in  a  sealed 
enclosure  containing  no  electronic  components  and  no  user-servicable 
parts.  Optical  interface  to  the  outside  world  is  via  4  FC/PC 
bulkhead-mounted  connectors,  disposed  as  indicated  in  the  accompanying 
Figures.  For  convenience  in  interfacing  to  optical  links  of  US 
origin,  a  set  of  four  FC/PC -Biconic  adapter  leads  is  provided.  The 
s>stem  is  most  con\ieniently  operated  in  a  horizontal  position, 
although  the  design  of  the  mechanical  assemblies  is  such  that 
operation  is  any  other  attitude  is  generally  possible. 

In  the  normal  mode  of  operation,  the  input  pulse  should  be  applied  to 
the  lower  Input  Port,  representing  the  input  to  the  shorter  delay 
loop.  The  output  pulses  then  represent  the  coupling  strengths  of  the 
couplers  a,  b,  c,  d,  appearing  at  the  upper  Output  Port,  longer  delay 
loop,  in  the  reverse  order  d,  c,  b,  a.  A  signal  representing  the 
exact  inverse  of  the  output  pulse  train  appears  at  the  lower  Output 
Port.  The  intrinsic  mechanical  and  optical  synrietry  of  the  system 
permits  equivalent  operation  in  the  complementary  configuration  with 
the  input  pulse  applied  to  the  Port  labelled  Output  to  give  pulse 
outputs  at  the  "Input"  ports. 

3.2  OPTICAL  SOURCE 

System  design  is  optimised  for  operation  at  an  optical  wavelength 
around  1.3  um;  operating  range  extends  from  fibre  cut-off,  around 

1.2  urn.  to  the  region  where  bending  loss  becomes  significant. 


G-3 


estimated  to  be  around  1.6  urn,  although  performance  may  be  degraded  at 
wavelengths  remote  from  the  design  wavelength.  In  order  to  resolve 
output  pulses  with  a  separation  of  500  ps,  it  is  necessary  to  provide 
an  input  pulse  with  a  width  significantly  narrower  than  this  figure; 
experimental  testing  of  the  system  was  carried  out  using  pulses  of  the 
order  of  200  ps  fwhm. 

3.3  OPTICAL  RECEIVER 

The  necessary  Receiver  characteristics  are  defined  by  the  need  to 
resolve  the  structure  of  the  output  pulse  code  sequence,  together  with 
the  overall  power  budget  of  the  link.  With  all  couplers  activated, 
giving  the  1111  sequence  output,  and  with  couplers  set  for  10% 
coupl'ng,  the  individual  output  pulse  intensity  will  be  degraded 
relative  to  the  input  pulse  by  at  least  -11.5  dB;  for  patterns 
containing  fewer  set  bits,  this  figure  will  improve  marginally,  -10  dB 
being  the  theoretical  degradation  for  a  single  bit  pattern,  eg  1000. 

3.4  SETTING  CODE  PATTERN 

The  system  has  been  prepared  for  delivery  with  all  couplers 
mechanically  set  to  10%  coupling,  giving  a  1111  output  pulse  train. 
Individual  bits  of  this  pattern  can  be  cleared  and  reset  by  manually 
adjusting  the  appropriate  coupler  control  through  the  portholes 
provided,  a  procedure  best  undertaken  with  the  system  inserted  into  a 
functional  optical  link,  since  this  permits  direct  observation  of  the 
-esultant  output  pulse  train.  As  a  general  rule,  anticlockwise 
rotation  of  the  tuning  control  of  any  particular  mechanical  unit  will 
result  in  the  coupling  strength  of  the  associated  coupler  being 
reduced  progressively  from  10%  to  zero;  since  power  is  conserved 
within  the  system,  such  adjustment  may  result  in  an  increase  in 
absolute  coupled  power  present  in  any  individual  output  pu' ;e  (but  not 
in  relative  coupling  strength). 

The  coupling  knob  must  remain  within  the  region  of  the  tuning  shaft 
defined  by  the  two  coloured  indicators  at  all  ; 'mes. 
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Figure  1.  Internal  Fiber  Delay  Line  Loop  Structure 
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Figure  2. 


External  Fiber  Connection  Arrangement 
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